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Summary 
 
Machinery condition monitoring (MCM) is the process of measuring, trending and 
assessing key parameters that indicate the health of a machine.  Wear debris analysis 
is a common element of MCM programs and can involve the assessment of size, 
quantity, morphology and composition of debris shed from dynamic components 
such as gears and bearings as they deteriorate.  Traditionally, wear debris has been 
detected by the laboratory analysis of routine oil samples, visual inspection of 
magnetic chip detectors or other off-line techniques which all have significant 
technical or logistic limitations.  
 
The Inductive Wear Debris Sensor (IWDS) is a relatively recent development in this 
field and commercial examples have demonstrated some significant advantages over 
traditional techniques.  These sensors are installed in the return line of a lubrication 
system so that wear debris liberated from deteriorating components can be detected 
in real time.  Applications for these sensors currently include aviation machinery, 
wind-turbine generators, marine propulsion systems and some aspects of general 
industry.   
 
One aspect that has received virtually no attention in the literature is a validated 
methodology for determining a suitable limit (or suite of limits) for a particular 
application.  Limits are a critically important aspect of MCM programs that can be 
used to trigger further detailed interrogation of the machine or maintenance action.  
This research has developed and validated a new methodology for determining 
rolling element bearing deterioration limits that have physical meaning and can be 
applied to a system containing an IWDS. The application of the general methodology 
 
 
xvi 
 
to other dynamic components and complex machines has also been explored.  In 
addition, a metric consisting of three subordinate condition indices has been 
developed that can be used with data obtained from an IWDS.  This metric addresses 
some of the idiosyncrasies of IWDS data that have not previously been addressed. 
 
 1 
 
1. Introduction  
The detection of metallic wear debris entrained in lubricating oil is well documented as an 
effective machinery condition monitoring technique (1, 2).  In this context wear debris is 
defined as metallic particles liberated from load-bearing components by means of a wear 
mode.  Wear debris analysis forms an important part of most condition monitoring 
programs and can be defined as the assessment of morphology, size, quantity and 
composition of wear debris (typically metallic) generated by wear mechanisms in 
circulating lubrication systems (3).  The primary reason for assessing wear debris is to 
ascertain whether an incipient machinery failure has progressed passed an unacceptable 
stage (4).  Common wear modes include rolling contact fatigue (RCF), adhesive or abrasive 
however RCF is generally accepted as the most common where rolling element bearings 
and gears are employed.   
 
Historically, analysis of oil samples using spectrometric oil analysis has been the primary 
tool used for detecting incipient failures that produce wear, however this technique only 
detects a tiny fraction of the liberated debris and where fine filtration is applied may not 
provide any useful information.  For aviation propulsion systems, the periodic inspection 
of magnetic chip detectors or filter elements has been used extensively, however this is 
generally done visually and therefore only provides a rudimentary indication.  Clearly a 
major disadvantage is that these options are discrete samples and in the case of laboratory 
analysis significant time can elapse between drawing a sample and the results being 
provided.  Similarly the analysis of magnetic chip detectors has traditionally been 
rudimentary and subjective (5).  Commonly used laboratory techniques such as 
 2 
 
Spectrometric Oil Analysis (SOA) suffer from significant particle size detection limitations 
(typically only detecting particles less than 8 micron) (2).     
 
One recent development in the detection of incipient faults in oil-wetted machinery is the 
Inductive Wear Debris Sensor (IWDS).  These sensors are generally located in the scavenge 
line of a lubrication system and detect the magnetic disturbance of metallic particles as 
they transit through the sensor.  The ability to monitor the generation of wear particles and 
the progress of incipient failures in real-time offers a significant advantage over traditional 
wear debris analysis techniques.  This allows the useful life of dynamic components to be 
truly maximized by continuing to run machinery until significant wear particles are 
detected.  Another important advantage is the broad particle size detection range 
(typically 100 to 1000 μm) associated with these sensors that suits detection of common 
failure modes such as RCF and other wear modes in their advanced stages.  However one 
aspect that has received little attention in the literature is a substantiated and physically 
meaningful technique for setting limits for this type of sensor.  Presented here is a method 
for setting limits for wear debris in oil-wetted propulsion systems that employ an IWDS.   
 
In aviation propulsion systems in particular, wear debris limits are often set by equipment 
manufacturers for magnetic chip detectors or oil filters regarding the amount of wear 
debris deemed to be unacceptable.  Ideally, once the debris limit is exceeded then a series 
of serviceability checks are performed to determine if a component is actually failing.  It 
can, however be difficult to compare the collected debris with the manufacturers limits in 
the field, with the default position being to replace the suspect engine or gearbox at 
significant cost. The wear debris limits provided for specific machinery usually have 
 3 
 
unclear provenance and are typically developed either from seeded fault engine testing 
done during development or are derived from experience legacy machinery. The method 
discussed here can also be used for this application where no prior wear debris data is 
available, for example where a new machine is being commissioned.  This method could 
also be used where a condition monitoring program is applied to supplement the 
manufacturer’s recommendations.  As with all condition monitoring techniques, robust 
and meaningful limits need to be applied in order to identify incipient failure before 
catastrophic failure.  Likewise, the limits must not be set at a point that generates repeated 
false indications.   
 
2. Rolling Element Bearings  
The ubiquitous rolling element bearing is principally intended to provide relative 
positioning of dynamic components whilst allowing rotational freedom (6).   Whilst 
conceptually simple in design, significant advances have been made in terms of design, 
material selection, material quality and life prediction since they appeared in general 
engineering in the early part of the 20th century.  Rolling element bearings are the focus of 
this current research. 
 
2.1 Bearing Types 
Generally rolling element bearings are classified as either ball bearings or roller bearings. 
As described by Szeri  (7), ball bearings can be further classified as either: 
1. Deep groove:  in theses bearings the groove is relatively deep reportedly being up 
to one quarter to one third of the ball diameter (8, 9).  These bearings perform well 
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under predominantly radial load with some thrust load  and are generally the 
most common form of rolling element bearing.   
2. Angular contact: are designed primarily to support either a combined radial load 
and unidirectional thrust loads or a significant unidirectional thrust load.  The 
load direction forms an angle through the balls called a contact angle.  The contact 
angle generally does not exceed 40o to avoid excessive ball spin and heat 
generation1.   
3. Self-aligning:  this type of bearing generally has two rows of balls that operate in a 
common spherical raceway.  They can tolerate a small amount of misalignment 
between the shaft and the supporting structure compared to other types of 
bearings.  This type of bearing is also employed where rigid alignment cannot be 
guaranteed. 
4. Duplex:  In some applications, the thrust load can be bi-directional.  Duplex 
bearings consist of two angular contact bearings mounted back to back with 
opposite contact angle directions that therefore allow thrust to be supported in 
either direction. 
5. Ball thrust:  This type of bearing consists of a row of balls operating in two 
grooved raceways spaced axially along a shaft.  They cannot support any 
significant radial load as the name suggests. 
Due to their comparatively larger contact area compared to ball bearings, roller bearings 
are used where significant radial load is applied.  Roller bearings can be classified as 
either: 
                                                     
1 A contact angle of 0o represents a pure radial load. 
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1. Cylindrical:  In this type of roller bearing the rollers are straight sided cylinders 
with only a small chamfer at the edges.   The rollers are guided by flanges on either 
the inner or outer raceway.  The cage serves to hold the elements in place and the 
inner raceway is typically free to be removed.  Generally, greater care is required to 
mount roller bearings to prevent edge loading from misalignment (Section 2.3.1.3) 
2. Tapered:  This type of roller bearing have rollers shaped as a frustum of a right 
cone.  The advantage of this type of bearing is that it can carry either significant 
radial and thrust loads or a significant thrust load only.  These bearings are also 
separable. 
3. Spherical:  To accommodate some misalignment and minimise edge loading issues, 
spherical roller bearings can be used.  The rollers in these bearings have a crowning 
radius applied.  
4. Needle: This type employs cylindrical rollers with a length significantly greater 
than the diameter (typically 3 to 10 times the diameter (8)) 
 
2.2 Geometry of Rolling Bearings 
The geometry of various rolling element bearing types is extensively covered in the 
literature; classic texts such as those by Harris (10) and Hamrock and Dowson (9) provide 
clear explanations of the various geometrical features of the principle types of rolling 
element bearings.  Australian Standard AS4172 (8) also provides a generic vocabulary 
associated with rolling bearings. Many bearing manufacturers provide nomenclature 
information in their catalogues (11, 12).  Figure 1 shows the nomenclature of both a rolling 
element bearing that will be used throughout this document. 
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Figure 1: Nomenclature of a ball bearing (10). 
 
2.3 Elastic Contact of Solids 
Where two elastic solids come into contact under load (for example a rolling element 
contacting a bearing raceway) a contact area develops that is dependent on applied load, 
material properties and curvatures of the surfaces (6).  For non-conformal contacts such as 
those encountered in typical ball bearings, the contact area is elliptical in shape (6, 10, 13), 
(Figure 2).  The dimensions of this elliptical contact area can be determined provided the 
following parameters are known: 
1. Ellipticity factor 
2. Elliptic integral of the first order 
3. Elliptic integral of the second order 
4. Applied load 
Outer raceway 
Inner raceway 
Cage 
Bore 
Face 
Shoulders 
Outside diameter 
Rolling element 
Width 
Groove 
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5. Poisson’s ratio of the bearing material, and  
6. Modulus of elasticity for the bearing material. 
Harris (10) and Hamrock and Anderson (6) both describe in detail the rectangular and 
quasi-rectangular contact areas observed in roller and taper-roller bearings respectively. 
 
Figure 2: Example of contact ellipses found in a typical ball bearing (6). 
 
The classical Hertzian solution (Section 2.3.1) requires the solution of a transcendental 
equation relating the ellipticity factor k and elliptic integrals of the first and second kind (
ℑ  and ε  respectively).  Traditionally this was done using an iterative numerical 
procedure or by using plots, however Hamrock and Brewe (14) demonstrated that using 
simplified forms (denoted k , ℑ  and ε ) provided very accurate results.  Hamrock and 
Anderson (6) also provide evidence of the small error involved when using these 
Inner race 
Outer race 
Radial Load 
Inner contact ellipse 
Outer contact ellipse 
Dx 
Dy 
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simplified forms.  The dimensions of the elliptical contact can be determined using 
Equations 1 and 2 (see Section 4.1.2): 
 
3
12
)
'
6(2
E
FRkDy π
ε
=  (1) 
 
3
1
)
'
6(2
Ek
FRDx π
ε
=  (2) 
 
Sadeghi et al (15) states that the typical major diameter of contact ellipses is between 200 to 
1000 microns.  Hamrock and Anderson (6) and Hamrock and Brewe (14) provide some 
worked examples for determining the dimensions of the contact ellipse that result in the 
major diameter being in the order of 1800 microns and the minor diameter being in the 
order of 250 microns.   
 
Stribeck first described the method for determining the maximum load for a radially 
loaded bearing based on Hertz’s classical work.  Dwyer-Joyce (16) describes the load 
sharing between rolling elements and the subsequent effect on size of the adjacent 
elliptical contacts.  Figure 3 shows the elliptical contacts produced by applying a 
unidirectional radial load to a rolling element bearing.  For this type of loading it has been 
shown that the load is spread over an arc approximately 70 degrees either side of the load 
vector (17).  It should be noted that the small elliptical contacts on the extremities of Figure 
3 are caused by the relatively small centrifugal loading on the rolling elements; this 
loading does not apply to the inner race.  Similarly, Harris (10) provides a method for 
determining the loads on individual rolling element bearings for a statically loaded 
bearing.  Hamrock and Dowson (9) provide a method for determining the static thrust 
load capacity for angular contact ball bearings.   
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Figure 3: Depiction of a rolling element bearing showing load sharing amongst rollers (16). 
 
 
Figure 4 (6) represents the general case for elliptical contact between a ball and raceway 
and defines the geometric radii of interest.   The sign convention commonly used is for 
convex solids to have positive radii and concave solids to have negative radii.  If the centre 
of curvature lies inside the solid then the radius is positive, similarly if the centre of 
curvature lies outside the solid then the radii are negative.  Additionally, if the following 
condition is met 
 
byaybxax rrrr
1111
+>+  (3) 
 
then the x direction defines the semi-minor axis of the contact area and the y direction 
defines the semi-major axis. 
 
Contact ellipses 
Radial Load 
Centrifugal 
loading 
Radial load 
Outer ellipses due to 
centrifugal loading 
Contact ellipses 
Dy 
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Figure 4: Axis and geometry convention for contact of a rolling element bearing (13). 
 
2.3.1 Bearing Stresses 
The classic solution of elastic solids in contact was developed by Hertz in 1881 (18) and 
later developed and expanded by Timoshenko and Goodier (19).  The stresses (known as 
Hertzian) are concentrated around the contact area and therefore failure of the bulk 
material is rarely a primary design issue; instead it is damage at or near the surface that 
tends to drive the design.  Therefore determination of the contact area and the subsequent 
surface and sub-surface stresses are important and applicable to contacting machine 
elements such as rolling element bearings, cams and gears (20).   
 
Body A 
Body B 
rby 
rbx 
ray rax 
Dx 
y 
z 
x Contact 
ellipse 
Dy 
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Contact fatigue damage is a result of cyclic Hertzian stresses at the contact area during 
machine operation (21).  High contact stresses on the surfaces of ball and roller bearings 
occur at the small contact area despite the application of only moderate loads. After 
initiation by a either a surface (e.g. hard particle indentation of the raceway) or sub-surface 
(e.g. metallurgical inclusion) stress raiser, it is these large compressive Hertzian stresses (in 
the order of 1.3 to 3.5 GPa) that primarily drive contact fatigue damage however 
Hydraulic-Pressure Propagation (HPP) (21) has also been reported as a factor in contact 
fatigue propagation.  In the case of HPP, the entrapment of lubricant in the fatigue crack 
combined with the extreme periodic pressure as the contact area passes is thought to 
progress the crack.  The primary assumption that applies to the determination of Hertzian 
stresses as applied to bearings and gears is that pure compressive load is applied to the 
contact area (i.e. traction forces between the contacting solids are negligible) (10) which is 
reasonable in a lubricated environment. 
 
The fatigue of contacting solids can be either surface or sub-surface initiated, however 
both initiation mechanisms result in the development of fatigue cracks below the surface 
in the region of maximum shear stress.  These cracks eventually propagate to the surface 
and result in the liberation of material (22).  It is only the initiation location causing the 
stress raiser that is different.  Sub-surface initiated contact fatigue occurs when micro-
cracks associated with non-metallic inclusions, carbides, defects or dislocations join to 
form larger cracks and then propagate towards the surface (15, 21, 23).  Surface initiated 
contact fatigue results from a surface defect such as a dent caused by a hard particle (e.g. 
sand or work hardened metallic debris) that has been entrapped in the contact area (21).  
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The hardness data contained in Table 1 shows that quartz (silicon dioxide) is harder than 
bearing steel and therefore can produce a dent in the raceway if trapped in the contact area 
by the passage of the rolling element.  The surface defect acts as a localised stress raiser 
and subsequently initiates fatigue cracking below the surface in the region of maximum 
shear stress (21).  Hard particle contamination of the lubricant has been shown to have a 
significant impact on bearing life (24).  The ability of the system filter to remove these hard 
particles from the lubricant will therefore have a significant impact on whether surface 
initiation is predominant. 
Table 1: Hardness of a common high performance bearing steel and sand 
Material Vickers Hardness (25) 
Silicon dioxide (quartz) 1103-1260 
AISI 52100 bearing steel 848 
 
Sadehgi (15) suggests that whilst the analysis of surface Hertzian stresses is important, it is 
the subsurface Hertzian stresses that play the most significant role in fatigue spall 
propagation in rolling element bearings.  From a design and durability point of view, it is 
therefore important to be able to calculate the maximum subsurface shear stress.   
 
2.3.1.1 Spherical Contact 
For the general case of two elastic spheres in contact with each other under a load of F, the 
resulting contact area is circular (Figures 5 and 6).  The radius of the contact area (𝑎) and 
the maximum surface stress (𝑝𝑚𝑚𝑚) are then determined using Equations 4 and 5 
respectively (26).   
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𝑎 = �3𝐹8 [(1 − 𝜈12)/𝐸1] + [(1 − 𝜈22)/𝐸2](1/𝑑1) + (1/𝑑2)3  (4) 
 
 
𝑝𝑚𝑚𝑚 = 3𝐹2𝜋𝑎2 (5) 
 
 
Figure 5: Elastic contact of spheres showing circular contact area. 
 
𝒂
F
x
y
z
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Figure 6: Circular contact area and associated infinitesimal element of material showing subsurface 
stresses (10). 
The maximum stresses occur in the z axis and the principal stresses are determined by 
Equations 6 and 7 (26). Using Mohr’s circle, the maximum shear stress can then be 
determined using Equation 8 (10). Plotting the orthogonal shear stress found by Equation 
8 shows that the maximum occurs just below the surface at a location approximately equal 
to 0.3 times the contact area radius for contacting spheres (26). This general case can then 
be readily applied to a ball contacting a raceway (10).   
 
𝜎𝑚 = 𝜎𝑦 = −𝑝𝑚𝑚𝑚 ��1 − 𝑡𝑎 tan−1 � 1𝑡/𝑎�� (1 + 𝜈) − 12 �1 + 𝑡2
𝑎2
�
� (6) 
 
𝜎z
z
x
y
Depth of 
maximum 
shear stress
a
𝜎z
𝜎x
𝜎x
𝜎y
𝜎y
𝜏xz𝜏yz
𝜏xy
𝜏xz
𝜏yz
𝜏xy
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 𝜎𝑧 = −𝑝𝑚𝑚𝑚
�1 + 𝑡2
𝑎2
�
 (7) 
 
 𝜏𝑦𝑧 = 𝜎𝑧 − 𝜎𝑦2  (8) 
 
2.3.1.2 Cylindrical Contact 
For the general case of two elastic cylinders in contact with each other under a load of F, 
the resulting contact area is rectangular (Figure 7).  The half width of the contact area is 
given by Equation 9.  The contact area is therefore calculated by multiplying the contact 
width by the contacting length of the cylinders. The maximum surface stress (𝑝𝑚𝑚𝑚) is then 
determined using Equation 10.  Plotting the shear stress in the z axis similarly shows that 
the maximum occurs at approximately 0.75 times the line contact half-width below the 
surface for contacting cylinders (26). The stresses can then be determined using Equations 
11, 12 and 13 for the three principal axes.  Again, plotting equation 13 indicates the 
maximum stress in the z direction occurs just below the surface. 
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Figure 7: Elastic contact of cylinders showing rectangular contact area. 
 
 
𝑏 = �2𝐹
𝜋𝜋
[(1 − 𝜈12)/𝐸1] + [(1 − 𝜈22)/𝐸2](1/𝑑1) + (1/𝑑2)  (9) 
 
 
𝑝𝑚𝑚𝑚 = 2𝐹𝜋𝑏𝜋 (10) 
 
 
𝜎𝑚 = −2𝜈𝑝𝑚𝑚𝑚 ��1 + 𝑡2𝑏2 − 𝑡𝑏� (11) 
 
 
𝜎𝑦 = −𝑝𝑚𝑚𝑚 ��2 − 11 + 𝑡2
𝑏2
��1 + 𝑡2
𝑏2
− 2 𝑡
𝑏
� (12) 
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 𝜎𝑧 = −𝑝𝑚𝑚𝑚
�1 + 𝑡2
𝑏2
�
 (13) 
 
2.3.1.3 Roller Bearing Edge Loading 
When two cylinders are in elastic contact, a concentrated stress phenomenon occurs near 
the edges of the cylinder due to discontinuity of the contact.  This is known as edge 
loading and is described extensively in the literature (10, 27-29).  Poplowski et al (30) 
report that edge loading is significant in roller bearings as it can reduce the predicted life 
by up to 98%.  In fact, for a pure cylinder (no edge chamfers etc.) the pressures at the 
extremities of the cylinder are theoretically infinite (18, 31, 32).  This inherent stress 
concentration is further exacerbated by any misalignment present in the shaft and bearing 
system.  Misalignment can be present in a roller bearing/shaft system mainly due to 
elastic shaft deformation resulting in moment loading at the bearing.  Kushwaha eta al (33) 
and Johns (29) confirm that an amount of roller axial misalignment is present in most 
roller bearing applications due to moment loading conditions.  Imperfect manufacture, 
incorrect fitting and thermal expansion can also contribute to the presence of 
misalignment.   Whilst the inherent edge loading is present in a perfectly aligned roller 
bearing (Figure 8), the edge loading due to misalignment is most apparent in one edge 
only (Figure 9).  The extreme edge loading of a right cylindrical roller can be somewhat 
reduced by applying a chamfer to the edge of the roller. 
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Figure 8: Sketch of perfectly aligned roller bearing showing inherent edge loading. 
 
 
 
Figure 9: Sketch of misaligned roller bearing (exaggerated for clarity) showing extreme edge loading 
on one side. 
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In order to more effectively alleviate the edge stress concentrations (particularly where 
they are induced by misalignment), rollers and or the raceway can have the axial profile 
modified (known as crowning, Figure 10).  Where crowning is only applied for a portion 
of the profile, the amount of relief is known as dub off.  Lundberg (27) devised a 
logarithmic crowning profile that theoretically produces an axially uniform pressure 
distribution in the contact.  This profile, however, has an infinite dub-off at the end of the 
contact and also suffers from having no parallel region of contact between roller and 
raceway resulting in practical issues during manufacture.  Johns and Gohar (29) produced 
an improved profile based on Lundeberg’s work using a combination of circular arcs.  This 
work addresses the practical manufacturing issues inherent in Lundberg’s theoretical 
profile whilst still providing adequate stress relief.  Further refinements to the Johns-
Gohar profile have been proposed by Fujiwara and Kawase (34) by incorporating a 
parallel section of the profile (for the convenience of manufacture) and minimizes the 
amount of edge loading in a misaligned system. 
 
Figure 10: Sketch of exaggerated crowned roller showing crowning. 
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Based on work by Mostofi and Gohar (35) and Nagatani (36), the stress concentration 
occurs for approximately the first 20% of contact length from either end of the roller 
(Figure 11).  Heydari and Gohar (32) similarly show pressure distributions for an aligned 
roller that show the edge stress rises significantly in approximately the last 25% of the 
contact length.   
 
 
Figure 11: Approximate extent of edge loading in a perfectly aligned roller bearing. 
 
Hartnett (37) provides a clear modelling and analysis of common issues relating to roller 
bearing stress distribution.  In particular, the case of a right cylindrical roller (i.e. no 
crowning or chamfer) is shown to exhibit significant inherent edge loading.  Hartnett also 
provides the only analysis found that investigates the stress distribution of a roller where a 
defect exists in the contact area (i.e. a fatigue spall that interrupts the contact area).  This 
shows that the edge loading phenomenon is repeated either side of the defect, in effect 
creating two disparate but axially aligned contact areas.  Consequentially, by creating 
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further stress raisers, the defect in effect facilitates further defects since there is no 
possibility of geometrically compensating for stress raisers around a defect. 
 
Kushwaha et al (33) provide a solution for the finite line contact of a roller to race contact 
in both the aligned and misaligned state.  This work also confirms that a significant contact 
pressure increase occurs in the outer 20% (approximately) of the contact.  A significant 
increase here was defined as a pressure increase exceeding 50% of the minimum value.  
Edge loading induced by misalignment can result in rapid spalling of the raceway and 
roller as shown in Figure 12. 
 
Figure 12: Roller bearing showing rolling contact fatigue spalling on edge of contact due to 
misalignment. 
 
2.4 Elastohydrodynamic Lubrication 
The lubrication mode for rolling element bearings is Elastohydrodynamic (EHL).  
Stachowiak and Batchelor (13) define this mode of lubrication as a form of hydrodynamic 
Line of rolling contact fatigue due to 
roller edge loading 
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lubrication where the elastic deformation of the contacting bodies and the changes in 
viscosity due to pressure play fundamental roles.  Similarly, Hamrock and Anderson (6) 
describe EHL as a form of fluid-film lubrication where elastic deformation of the bearing 
surfaces becomes significant and is usually associated with highly loaded and non-
conformal contacts.  Goodelle et al (38) states that although local plastic deformation 
occurs at asperities, the bulk deformation is elastic.  Whilst numerous authors such as 
Martin  (39), Peppler (40)  and Gatcombe (41) contributed to the early understanding of 
EHL, the first detailed explanation of EHL that discussed both the elastic deformation of 
the contacting bodies and the pressure dependence of the lubricant viscosity is attributed 
to Grubin (42).   
 
2.4.1 Lubricant Film Thickness 
In lubricated EHD contacts the adjacent load-bearing surfaces are separated by a very thin 
film of lubricant compared to hydrodynamic lubrication.  For rolling element bearings this 
film thickness  is typically in the order of 0.1 to 1 μm (43) whereas hydrodynamic bearings 
can have a film thickness in the range of 0.5 to 100 μm. Arguably the most important facet 
of EHL contact design is the determination of the fluid film thickness.  It is the fluid film 
thickness that will ensure adjacent rotating components do not abnormally wear.  An 
insufficient fluid film thickness is likely to result in metal-to-metal contact leading to 
adhesive wear and ultimately failure of the component.  A detailed analysis of the EHL 
fluid film thickness was initially conducted by Grubin (42) and later  Dowson (44) 
developed a very similar formula.  Both of these investigations revealed the film thickness 
to be primarily sensitive to speed and viscosity; counter-intuitively,  they also concluded 
that the film thickness is insensitive to load (10).   
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Hamrock and Dowson (9) showed that for EHL lubrication the four primary influences on 
fluid film were the: 
1. ellipticity factor (k), 
2. dimensionless speed parameter (U), 
3. dimensionless load parameter (W), and 
4. dimensionless material parameter (G). 
 
The dimensionless minimum film thickness formula (Equation 14) for a fully flooded 
isothermal EHD elliptical contact (Figure 13) was therefore derived using the least-squares 
fit method as (13): 
 ( )keWGUH 68.0073.049.068.0min 163.3 −− −=  (14) 
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According to Blok (45) the asymptotic isoviscous pressure (piv,as) can be approximated by 
the inverse of the pressure-viscosity coefficient.  This then enables the dimensionless 
materials parameter to be re-written as shown in Equation 19. 
 'EG α=  (19) 
 
 
Figure 13: Elliptical contact showing semi-minor and semi-major axes 
 
Tallian (46) first suggested a parameter known as the lubricant film coefficient lambda (Λ ) 
to determine if the onset of abnormal wear is likely or not (13).  Λ  is defined as the ratio of 
the minimum film thickness to the average composite surface roughness (i.e. taking into 
account the roughness of both contacting surfaces).   Λ is determined using Equation 20. 
 
Λ = ℎ𝑚𝑚𝑚
�𝜎𝑚
2 + 𝜎𝑏2 (20) 
 
Table 2 shows how the values of Λ  relate to lubrication effectiveness.  Similarly, Hamrock 
and Dowson (9) state that EHL normally operates where the film thickness is between 0.1 
and 1 μm and where the lubricant film coefficient is in the region 103 ≤Λ≤ .   
𝑎 y
 
x 𝑏 
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Table 2: Lambda values and their relationship to lubrication effectiveness. 
Lambda (Λ ) Range Lubrication Impact 
Λ<1 Surface smearing and wear likely to occur 
1<Λ<1.5 Surface distress (e.g. surface-initiated spalling) possible 
1.5<Λ<3 Some surface glazing may occur 
Λ  > 3 Minimal wear (asperity contact) expected 
Λ  > 4 Full separation of adjacent load-bearing surfaces is expected 
 
The ability of the lubricant to separate the adjacent load-bearing surfaces is primarily due 
to the piezo-viscous nature of the fluid.  The pressure exerted on the fluid in the contact 
region results in a  substantial increase in viscosity that both resists forcing the fluid out of 
the contact and maintains separation of the surfaces.  Lubricant pressures in the order of 1 
to 4 GPa can be experienced in the contact region (13). Barus’ Law (Equation 21) can be 
used to determine the change in viscosity of a lubricant under pressure (47) for pressures 
up to approximately 0.5 GPa.   
 p
op e
αηη =  (21) 
Dowson and Higginson (48) were the first to show that the minimum film thickness 
(Figure 14) occurs at the exit region of the contact and this has since been verified and 
referenced many times (13, 47, 49).  
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Figure 14: Exaggerated comparison of (a) hydrodynamic contact, (b) Hertzian dry contact and (c) 
elastohydrodynamic contact showing typical pressure distribution for each (50). 
 
2.5 Bearing Quality 
Bearing quality is usually defined by the material specification and the manufacturing 
tolerance.  Modern precision bearings are made from heat treated low alloy steels (e.g. 
AISI 52100) containing alloying elements such as chromium (Cr), nickel (Ni) or 
molybdenum (Mo).  Steels such as this are usually produced using a Vacuum Induction 
Melt (VIM) process and can be followed by a subsequent Vacuum Arc Remelt (VAR) to 
produce ultra-pure steels for demanding applications such as aircraft gas turbines and 
gearboxes.  Where high temperature performance must be retained, tool steels such as 
AISI M50 can be used; AISI 52100 is typically sufficient for applications up to 
approximately 170oC, whereas AISI M50 can be used in applications up to approximately 
h hmin hc 
(a) (b) (c) 
p p p 
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315oC.  Where additional corrosion resistance is required stainless steels such as AISI 440C 
can be employed.   
 
The manufacturing tolerance of a bearing is typically defined by a scale developed by the 
American Bearing Manufacturers Association (ABMA) under the Annular Bearing 
Engineering Committee (ABEC) for ball bearings and the Roller Bearing Engineering 
Committee (RBEC) for roller bearings.  The ABEC/RBEC system consists of a five-level 
scale: 1, 3, 5, 7 and 9. The International Standards Organisation (ISO) and the Deutsches 
Institut fur Normung (DIN) also has equivalent codes as shown in Table 3.  The higher the 
ABEC number the greater the precision of manufacture (with the reverse being true for 
ISO 492 classes).  Several factors are considered when rating a bearing such as eccentricity, 
surface roughness and size tolerance on raceways and rolling elements.   
Table 3: Comparison of bearing tolerance classes (12) 
 ABMA ISO DIN 
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2.6 Bearing Life 
The life of a rolling element bearing is the number of revolutions made by the bearing 
before failure occurs. The precise definition of failure is not always clear and can be 
somewhat contextual as will be discussed later.  The rated life of a rolling element bearing 
is the predicted life (in millions of revolutions) that 90% of a population will reach before 
failure (51).  This is also known as the L10 life as it is the number of revolutions that 10% of 
the population are predicted to fail before reaching. The rated life predictions are 
determined using relatively simple formula based on a statistical approach first articulated 
by Lundberg and Palmgren (52).  Zarestsky (53) describes how Lundberg and Palmgren 
combined their work with that of Weibull to produce what has become known as the 
Lundberg-Palmgren theory for bearing life estimation.  This work was based on a 
statistical analysis of full-scale bearing tests under controlled conditions of fluid 
cleanliness, load, environmental conditions and lubrication regime. The foundation work 
by Lundberg and Palmgren (52) still forms the basis of bearing life determination today 
and the general equation is shown below.   
 n
F
CL 




=10  (22) 
 
Moyer (54) provides an explanation of the source of the various life rating exponents. For 
ball bearings, the basic dynamic radial capacity is obtained using Equation 23. 
 8.13
2
7.0)cos( wcmr DZifbC δ=  (23) 
For roller bearings, the basic dynamic radial capacity is obtained using 24. 
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2.6.1 Adjusted Bearing Life  
Early work by Lundberg and Palmgren was based on bearing metallurgy vastly different 
to today’s modern clean (usually double vacuum melt) steels.   Clearly other life 
adjustment factors influenced bearing life such as special coatings, material specification, 
lubricant contamination and temperature.  Three factors were initially developed to 
accommodate these other influences: 
1. Reliability factor (𝑎1): This essentially converts the basic L10 value into any desired 
reliability.   
2. Material factor (𝑎2): This relates to bearing material properties, material purity (e.g. 
vacuum induction melt vacuum arc remelt), coatings or treatments 
3. Environment factor (𝑎3): This relates to the operational environment of the bearing 
and encompasses temperature and lubricant contamination. 
The resulting adjusted life equation is shown below. 
 
10321 LaaaLadjusted =  (25) 
These individual factors were also progressively merged as the concept of 
interdependence emerged.  For example a2 and a3 were merged by some manufacturers to 
produce a23.  Eventually, up to 30 life adjustment factors were identified and published 
(55).  Rosado et al (56) have shown that during experimental investigation into bearing 
damage propagation, the calculated L10 life correlated well for common AISI 52100 bearing 
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steel, however the actual lives far exceeded the predicted for modern clean bearing steels 
such as VIM-VAR AISI M50 and VIM-VAR AISI M50 NiL 
 
In 1985 Ionnides and Harris (57) wrote a seminal paper describing the concept of a fatigue 
life limit for rolling element bearings.  This work is similar to the concept of an endurance 
limit evident on S-N curves for some materials used in structural fatigue analysis.  They 
argued that life adjustment factors were not important and that the real key was the 
difference between the actual stress in the bearing material and the fatigue stress limit.  
These authors retained the fundamental Lundberg-Palmgren equation, but replaced the 
stress term with a term indicating the difference between the actual bearing stress and the 
fatigue stress limit.  This approach was then adopted by the International Standards 
Organisation and published as ISO 281 (51).   
 
Debate has continued about which prediction is preferable when applied to modern 
rolling element bearings (53).  ISO 281 produced in 2007 addressed some significant issues 
associated with the original publication regarding the actual calculation of the combined 
life factor (𝑎𝑚𝑦𝑧); this single factor was subsequently replaced by (𝑎𝑚𝑖𝑖) that accounts for 
lubrication, contamination, load and fatigue stress limit.  Whilst ISO 281:2007 has been 
adopted as the standard of choice throughout most of the industrialized world, some 
bearing manufacturers in the USA have instead continued to use the American Bearing 
Manufacturers Association (ABMA) standard (58). The ISO 281:2007 bearing life 
prediction equation appears below. 
 
101 LaaL isonm =  (26) 
 
 31 
 
2.6.2 Reliability 
Generally reliability is defined as the ability of a system or component to perform the 
desired function under stated conditions for a stated period of time (59). Reliability in the 
context of bearing life is defined as the probability that a particular bearing will meet or 
exceed a specified life expressed as percentage (51).  For example the L10 life refers to the 
life (typically in millions of cycles) at which 10% of the bearing population is expected to 
have failed before reaching.   ISO 281:2007 (51) provides a simplified method for 
modifying the life of rolling element bearings based on the desired reliability.  This 
method simply applies a weighting factor to the calculated life based on the desired 
reliability expressed as either the % reliability or the survival life.  
 
Reliability Centred Maintenance (RCM) is a maintenance philosophy that seeks to 
determine the maintenance requirements of a physical asset in its operating context (60).  
In other words the maintenance requirements are based on the desired reliability of the 
system, the consequences of failure, any redundancy in the physical plant and other 
contextual aspects.  RCM also seeks to address the likely failure modes at the root cause 
level rather than simply the symptom level.  System and machine designers typically use a 
Failure Modes Effects and Criticality Analysis (FMECA) to formally lay out the likely 
failure modes, their importance and how the failures can be detected or mitigated. 
 
2.6.2.1 Consequence of Failure 
In Nowlan and Heap’s (61) classical work on RCM, the major theme for determining the 
level of maintenance applied to a machine is the consequence of failure.  They state that it is 
not the frequency of failure but rather the consequence of failure that determines the 
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priority of maintenance and any redesign activities aimed at reducing failures.    The 
following four broad categories were suggested for consequences of failure: 
1. Safety Consequences, involving possible loss of equipment or life;   
2. Operational Consequences that encompass indirect economic cost (e.g. airline 
reputation) as well as the direct cost of the repair;   
3. Non-operational Consequences that involve only the direct repair cost; and     
4. Hidden Failure Consequences that have no direct economic cost but increase the 
chance of a multiple failure.      
 
The concept of the consequence of failure is also well documented in reliability texts such 
as that by O’Connor (59) and Moubray (60).  British Standard 4778 (62) also provides 
vocabulary definitions relating to quality and reliability.  Put simply, the consequence of 
failure refers to how the failure matters to stakeholders.  The consequence of failure can be 
used to modify maintenance or actions based on the operating context.  The criticality of a 
failure is inextricably linked to the consequence of failure; a significant consequence will 
result in the failure being classified as critical.  
 
2.6.2.2 Complexity 
Nowlan and Heap (61) state that intuitively increased complexity leads to more possible 
ways for a system to fail.  Moubray (60) suggests a method for linking criticality and 
complexity by calculating a Probability/Risk Number (PRN) that is determined by 
multiplying the failure rate by a number representing the severity of failure, however no 
further detail is provided regarding a scale for the severity number.   
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Bloch and Geitner (63) offer a method of assessing process machinery or system 
complexity, however it is mainly aimed at the petro-chemical industry.  This method 
attributes a numerical score based on the following five categories in order to assess 
system complexity: 
1. Power train configuration  
2. Size (power) – special purpose equipment 
3. Size (power) – pumps 
4. Age, and 
5. Number of driven casings 
Whilst complexity is clearly relevant to the potential for failure, the consequences of 
failure would appear to be a better measure for modifying any maintenance or machinery 
limits. 
 
 
2.7 Bearing Failure  
2.7.1 Failure Definition 
Whilst the definition of a failed bearing might first appear obvious, there is no single 
definition of what constitutes a failure or indeed the difference between damage and 
failure.  The Macquarie dictionary defines failure as the: 
“non-performance of something due or required” (64). 
Nowlan and Heap (61) suggest that failure can be defined as any identifiable deviation 
from the original condition which is unsatisfactory to a particular user.  This concept is 
further developed by suggesting that the dividing line between satisfactory and 
unsatisfactory does not only depend on the function of the item, but also must account for 
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the nature of the equipment in which it is installed as well as the operating context.  
Nowlan and Heap go on to further define the concept of a Functional Failure and Potential 
Failure.   A Functional Failure is the inability of an item to meet the required performance 
standards, whereas a Potential Failure is defined as an identifiable physical indication that 
a Functional Failure is imminent. 
 
Moubray  (60) discusses the concept of a P-F curve which describes how a condition 
changes once a failure has commenced (Figure 15).  The point “P” on the curve represents 
a potential failure and is the point at which it is physically possible to identify the 
abnormal condition.  The point F is where a functional failure of the component or 
machine has occurred. A further question that could be raised here is: what is the optimal 
amount of notification of a functional failure?  In other words, how long or short does the 
P-F interval need to be.  Traditionally the argument has been that the earlier the 
notification the better, however it could be argued that this is not the case.  For example, 
oil analysis may indicate the presence of very fine metallic particles in a lubrication 
system, however the components may have substantial residual life remaining.  If 
however we are measuring the amount of visible metal in the same system (by magnetic 
chip detectors, filter debris analysis or inductive wear debris sensor), then there is likely to 
be substantially less life remaining. 
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Figure 15: The concept of a P-F interval (60). 
 
Clearly where the consequence of failure is low a bearing can be run to functional failure.  
However where large, complex and expensive machinery is involved, or where the 
consequences of failure are significant (e.g. aircraft machinery) then what constitutes a 
failed bearing becomes less clear and in fact more important to define.  Reliability 
engineering principles often lead users to define what a failure is, however without 
adequate experience or knowledge this can potentially lead to over conservatism resulting 
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in premature replacement of components or an unanticipated functional failure of a 
component. 
 
Widner (65) suggests that where contact surfaces have changed sufficiently to adversely 
affect the performance of the contact surface, then the bearing is considered damaged.  
Further he suggests that when the damage progresses to a point where the function of the 
bearing is threatened, then the bearing is considered to have failed.  ISO 15243 (66) defines 
failure as: 
“… damage that prevents the bearing meeting the intended design performance”. 
SKF (67) define the life of a bearing as: 
“…the number of revolutions the bearing can perform before incipient flaking occurs”. 
This definition suggests that any visible flaking of the bearing surface indicates failure.  
This may not be the case and there have been studies of the residual life of damaged 
bearings as described by Kotzalas and Harris (68).   
 
ISO 281:2007 (51) provides some insight into the definition of a failure relating to bearing 
life prediction.  Under the definition of bearing life, this document states that the bearing 
life has expired when the first evidence of fatigue in the material is evident on any of the 
bearing sub-components.  What this fails to recognise is that the time between observed 
fatigue spall and the functional failure of the bearing may be a significant period and that 
generally it is impractical to identify in most machines.  Certainly the operating context 
should dictate what degree of damage or spall is acceptable, however even aviation 
bearings continue to carry load (albeit in a degraded state) even if fatigue spalling is 
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present.  The main issue here is determining what degree of damage is acceptable in the 
particular operating context. 
 
Halme and Andersson (69) note that in terms of L10 bearing life, a bearing is considered to 
have failed when any evidence of RCF is apparent on any of the load-bearing surfaces.  
The ASM Handbook on Failure Analysis and Prevention (70) provides the following 
definition of failure: 
“In the general sense of the word, a failure is defined as an undesirable event or condition.  For 
the purposes of discussion related to failure analysis and prevention, it is a general term used to 
imply that a component is unable to adequately perform its intended function.” 
Hoeprich (71) states that the Timken bearing company define the end of bearing life as a 
spall area of 6.5 mm2 for laboratory applications, however no clear justification is provided 
for this nor does it state if this limit applies to bearings of all sizes.  Hoeprich suggests that 
depending on the context, bearings could continue to operate well beyond this laboratory 
fatigue life limit.  Li et al (72) state that the majority of condition monitoring techniques are 
aligned to detect any abnormality at the earliest possible stage and do not typically 
account for the substantial residual bearing life.  Li et al also quote an industry standard of 
6.25mm2 (72) as the fatal flaw size in a rolling element bearing however the origin or 
justification are not provided.   
 
Choi and Liu determined vibration limits for a laboratory test (73).  The first limit was at 
0.2g RMS and visual inspection confirmed the presence of an initial spall with a diameter 
of approximately 600 microns.  Inspection of the bearing at the second limit of 1.8g RMS 
reportedly confirmed extensive raceway spalling.  Choi and Liu note that the conventional 
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bearing RCF life is generally defined as the number of loading cycles prior to the initiation 
of a spall.  They further define the period after initiation as the spall propagation period.  
Figure 16 shows the vibration plot used by Choi and Liu to determine their vibration 
limits for pre and post spall initiation (denoted N1 and N2 respectively).  Note that even 
after passing into the N2 region, the bearing is still functioning, albeit in degraded state in 
terms of noise and vibration. 
 
 
Figure 16: Choi and Liu bearing vibration plot showing the pre (N1) and post (N2) spall periods. 
 
For the purposes of this research, the following definitions will be adhered to in relation to 
rolling element bearing condition: 
1. Benign wear:  Non-RCF wear typically associated with an initial wear-in process. 
2. Damage:  this is defined as the first visible spall on any load-bearing surface. The 
bearing still functions.    
3. Failure:  this is defined as a spall equivalent to one rolling element spacing and is 
the point where the machine is stopped.  Further operation may result in 
significant secondary damage or functional failure.  The bearing still functions 
satisfactorily until this point. 
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4. Functional failure:  this is the point where the bearing physically ceases to carry 
load, rotate or function as intended.   
 
2.7.2 Failure Modes 
Since the 1940’s there has been an increased demand for rolling element bearings and a 
subsequent increase in interest in rolling element bearing failure modes.  The result has 
been a proliferation of literature relating to bearing failure modes.  For example, Widner 
and Littman  (65) provide a detailed analysis of taper roller bearing failure modes, the 
majority of which are also applicable to most variants of rolling element bearings.  The 
ASM Handbook on Failure Analysis and Prevention provides a thorough description of 
the main failure modes for bearings and other dynamic components (70). Manufacturers 
(e.g. SKF (67)) and some standards organisations (e.g. ISO (66)) provide descriptions of 
typical failure modes.  Broadly, the failure modes are classified as either wear, plastic flow, 
electrical discharge damage, fatigue or fracture; wear is further subdivided into adhesive 
and abrasive modes.  Plastic flow (e.g. true brinelling) and fracture are of no interest in the 
context of this thesis since very little (if any) wear debris is generated.  Of the various 
failure modes of rolling element bearings, rolling contact fatigue (RCF) is the most 
prevalent (7, 15, 74); in some instances it will subsequently develop due to stress raisers 
produced by a precursor failure mode (e.g. true brinelling that ultimately develops into 
RCF due to the stress raisers produced).       
 
2.7.3 RCF Spall Propagation 
As discussed by Kotzalas and Harris (68) and Rosado et al (56), there is surprisingly little 
in the literature regarding the progression of RCF.  Whilst the literature does contain 
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substantial information regarding the RCF crack initiation and propagation models, the 
actual progression of the spall has not received a great deal of attention.  This may be due 
to the common misconception that the first evidence of a spall is typically considered the 
end of the bearing life.  However as previously discussed there may be significant residual 
life remaining after the first evidence of damage (71, 73).    
 
Choi and Liu (73) suggest a spall progression model, however one of the key difficulties 
about extracting or exploiting the residual bearing life post-spall initiation has been 
verifying the actual condition of the bearing.  It has really only been since the invention of 
the IWDS that the spall progression can be followed with any accuracy or reliability.  
Indeed, these sensors have effectively nullified the need for accurate spall progression 
models as they enable the spall progression to be observed real-time, provided meaningful 
limits are applied to the data.   
 
Li et al (72) proposed an adaptive model using vibration and acoustic emission to 
determine the spall propagation rate once the initial flaw has been detected.  Barnsby (74) 
describes a series of tests that monitored the spall progression in an aircraft engine bearing 
and concluded that the maximum spall progression rate observed was 13 mm2/hr.  
Rosado et al (56) have published results of spall progression testing done on three 
common bearing materials (i.e. AISI 52100, AISI M50 and AISI M50 NiL).  The results 
show that all materials exhibited a rapid spall growth rate following a period of slow spall 
propagation.  Dempsey et al quote spall propagation rates of between 1.79 and 4.77 
mm2/hr for experimental testing of helicopter gearbox taper roller bearings. 
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Arakere et al (75) explain how RCF spalling tends to spread first across the raceway 
allowing the ball to unload.  Also discussed are the factors likely to influence spall 
progression rate such as: 
1. material properties,  
2. microstructure,  
3. residual compressive stress, and  
4. oil additives.   
Branch et al (76) discuss the transverse growth of the spall in conjunction with growth in 
the direction of rolling element travel (i.e. along the raceway).  Further, Branch states that 
eventually the spall progresses to the point where the rolling elements are allowed to 
descend into the spall and effectively unload as they transit the spall (Figures 17 to 19).  
 
 
Figure 17: Sketch of ball bearing and contact areas in healthy condition. 
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Figure 18: Sketch of ball bearing with initial RCF spall showing how contact area deforms. 
 
 
Figure 19: Sketch of ball bearing showing advanced spall allowing unloading of balls and possible 
inadvertent shaft displacement.  Note also that the adjacent rolling elements compensate for the 
unloading by increasing their contact area. 
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3. Machinery Condition Monitoring  
3.1 Definition 
Machinery Condition Monitoring (MCM) can be defined as the measuring, trending and 
analysis of key parameters that indicate the health of a system or machine. Rao (77) refers 
to condition monitoring as the: 
 “…continuous or periodic measurement and interpretation of an item to determine the need for 
maintenance”. 
  Similarly, Beebe (78) defines MCM as: 
“the process of systematically collecting data for the evaluation of system performance, 
reliability and/or maintenance needs for the purpose of planning maintenance activities.” 
Whilst these definitions are consistent and unambiguous, there is significant skill required 
to apply the concept to real machinery.  In particular, the selection of the suite of 
techniques to accurately and reliably determine the true  condition of a machine is not a 
trivial exercise. 
 
When implemented correctly MCM can enhance safety by detecting incipient faults before 
they progress to a catastrophic failure.  Additionally, MCM can ensure that equipment 
operates at or above the desired reliability.  MCM can save money by maximizing the 
operational life (e.g. time between overhauls) of machinery and avoiding unnecessary 
planned maintenance.  Finally, MCM can be used to justify the temporary operation of 
machinery beyond a planned maintenance period should operational reasons require it.   
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The Condition Based Maintenance (CBM) philosophy requires maintenance to be done 
purely based on the actual condition of the equipment; in other words maintenance is only 
done when the system condition deteriorates below an accepted point.  The assumption 
here is that the actual condition of the machine can be accurately and reliably determined 
and that the level of damage or degradation is understood by operators.  The utopian view 
of CBM is that machinery is only maintained based on condition, however the reality is 
that certain types of machinery do not warrant the effort required to determine the 
condition. Reliability Centred Maintenance  (RCM) addresses this and is defined as a 
philosophy for determining the minimum safe level of maintenance (60, 61). RCM relies 
heavily on MCM but takes into account the broader operating context and the optimum 
mix may include periodic maintenance (maintenance based on a time or operating period) 
or even breakdown maintenance (maintenance done only after the component fails).  In 
RCM the optimum mix is based on the consequence of failure (61).  Regardless of the over-
arching philosophy, it is MCM that provides the tools that directly enable the condition of 
a machine or system to be determined.   
 
A natural extension of CBM and RCM is to predict the remaining useful life of a machine 
(i.e. provide some prognostics) and is generally referred to as Prognostics and Health 
Management (PHM) (79, 80). True prognostics relies on determining the condition of the 
machine accurately, a detailed understanding of the failure modes applicable to the 
specific machine and a validated model of how the primary failure modes progress (81).  
Again, MCM forms one of the primary pillars of PHM as applied to machinery. 
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To be fully effective MCM must include an appropriate suite of measuring techniques that 
can accurately determine the condition of the specific machine.  Where a technique has 
intrinsic or applied limitations then this needs to be clearly understood by those 
interpreting the data.  A means of recording and trending quality data for each test must 
also be considered so that information can be extracted and maintenance conclusions 
drawn.  Often corroborative measurements are used to build confidence that a fault 
actually exists. 
 
An effective MCM must also include a set of limits applied to the measured data that has a 
solid basis or known provenance.   Limits are the contextual decision making points that 
are used to determine what happens next.  They should not be underestimated and must 
have a clear provenance.  Combined with limits must be a clearly defined set of actions 
that occur in the event that the limits are exceeded.  If there is no tangible action in the 
event of a limit being exceeded then the question must be asked: why is it being 
measured?  If limits and actions are not defined then the MCM program may descend into 
a data collection exercise of little practical value. 
 
3.2 Common Techniques 
Common techniques used in MCM programs include (but are not limited to) a 
combination of any of the following: 
1. Vibration Analysis: this is the measurement of machinery or structural vibration 
using sensors (e.g. piezoelectric accelerometers) and associated signal processing 
equipment to determine an abnormal dynamic or structural condition (82).  
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Vibration analysis does require some skill to interpret correctly, however it has a 
wide coverage of faults and is non-intrusive.  Where feasible permanently 
installed sensors can ensure repeatable measurements and reduce the time taken 
to collect data. 
2. Oil Condition Monitoring:  this is the measurement of key physical and chemical 
properties of a fluid (e.g. lubricant or hydraulic fluid) to ensure it is fit for service 
(83).  Viscosity is arguably the single most important property of a lubricant as it 
ensures the adjacent rotating parts do not come into contact, provides a direct 
indication of oxidised fluid and can indicate the presence of foreign fluids, 
provided the contaminating fluid has a different viscosity.  Other properties such 
as acidity and water content are also useful indicators of an unhealthy fluid.   
3. Thermography: this technique uses a thermal imaging camera to measure the 
infra-red radiation from a machine.  One of the first applications of this technique 
was identifying hot spots on electrical switchboards and associated hardware 
however it is now used for other condition monitoring applications such as 
identifying bearing faults in conveyor belts, fluid couplings and high speed 
bearings (84).  
4. Performance Analysis: this requires the measurement and trending of parameters 
such as flow, temperature and pressure (78).  It is a powerful tool for identifying a 
poor performing piece of equipment.  For example, the compressor in an aviation 
gas turbine can become eroded over time and result in power loss.  Measuring 
temperatures and pressures at specific locations in a system can be an effective 
indication of deteriorating performance of components such as pumps or 
compressors.  
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5. Wear Debris Analysis:  this involves an assessment of the size, quantity, 
morphology and composition of debris entrained in a fluid (e.g. lubrication) 
system to identify the deterioration of components (2).  Wear debris analysis is the 
focus of this research and is discussed in more detail below.   
 
3.3 Wear Debris Analysis 
The first rigorous analysis of metallic debris specifically for the detection of failures in 
machines dates back to the early 1970’s (85, 86).  Since then the extraction and analysis of 
metallic wear debris from lubrication systems has been shown to be highly effective for the 
identification of incipient failures of oil-wetted components (2, 4, 87, 88). Wear Debris 
Analysis (WDA) typically involves an assessment of size, quantity, morphology and 
composition of the debris generated inside the machine.  Increasing size and quantity of 
wear debris generally have a direct correlation with the severity of component 
deterioration (2) whilst the morphology of the debris can provide information about the 
specific failure mode (89).  The elemental composition of wear debris is extremely useful 
for determining the origin of wear debris and can therefore be used to discriminate 
between benign debris (e.g. residual overhaul debris) and significant debris from 
deteriorating dynamic components (e.g. gears or bearings) (90).     
 
3.3.1 Debris Size and Quantity 
The size and quantity of wear debris have a direct correlation to the severity of damage for 
dynamic components. Miller and Kitaljevich (91) demonstrated this during a series of 
experiments involving an IWDS fitted to a simple test rig.  These experiments showed how 
the IWDS data provides a more comprehensive view of particle size distribution than 
previous methods of detection.  Figure 20 contains data from one of the validation tests 
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conducted during this research (Section 4.4) and shows how the size and quantity 
increased as the damage progressed from an early stage to an advanced stage at the 
conclusion of the test. 
 
 
Figure 20: Ferromagnetic particle count data from test bearing AC4 showing the size and quantity 
of debris increasing with severity of the damage. 
 
3.3.1.1 Quantity 
 
Wear debris can be quantified using a simple count of the particles in specific bin sizes and 
is usually accomplished either manually, using particle counting software or using an 
IWDS.  Where extremely large quantities of debris are present a representative area of 
particles can be counted and then the total inferred based on a simple proportional 
multiplication.  Bulk inductive instruments can also be used to quantify ferromagnetic 
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wear debris by measuring the change in magnetic field strength as the debris passes 
through the instrument.  This method results in a coarse metric that can be used to track 
the rate of debris generation, but gives no indication of particle size distribution. Some 
instruments present the results in terms of non-dimensional numbers to avoid any 
confusion with physical units, however these unique units are less intuitive to users. The 
first instrument developed in this category was the Particle Quantifier 90 (PQ90) 
developed by the University of Swansea (92) in the mid 1990’s.  This instrument used a 
sensitive magnetometer to provide a reasonable estimation of the mass of ferromagnetic 
material in an oil sample and reported the results as a non-dimensional PQ Index.  This 
type of measurement continues to be offered by most oil analysis laboratories as a 
quantitative tool for trending purposes.   
 
Laser particle counters can be used for wear debris quantification, however they do not 
discriminate between metallic and other types of solid particles.  Their intended use was to 
quantify all solid particulate (e.g. wear debris, environmental ingress etc.) for hydraulic 
systems where system operation can be impeded.  Additionally these instruments only 
detect particles up to approximately 100 µm. 
 
3.3.1.2 Size 
 
Debris size is typically reported using Feret diameter, which is also known as calliper 
diameter (Figure 21).  Feret diameter is defined as the maximum distance between two 
parallel lines, set at a fixed angle, which just touch the outline of a particle (2).  Feret 
diameter can (if necessary) be readily measured using a basic digital microscope and 
associated software or manually for particles greater than approximately 500 µm using 
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Vernier callipers with the aid of a magnifying glass.  For other applications such as solid 
particle counting of hydraulic fluids, modern instruments use the equivalent area circle 
diameter to report the size distribution.  This method measures the area of the actual 
particle from its silhouette and then reports the size as the diameter of a particle with an 
equivalent area (Figure 21). 
 
Figure 21: Examples of Feret diameter and Equivalent Area Diameter for various pieces of wear 
debris. 
 
3.3.1.2.1 Size in Perspective 
 
Tauber (93) published an idealized series of particle distributions for a progressing fault in 
a lubricated system (Figure 22).  Despite this being clearly identified as an idealized 
distribution (i.e. not based on actual data), this plot has been reproduced many times both 
commercially and academically with little scrutiny.  Whilst the general trend of the plot 
might seem valid, the specific failure mode will dictate the real distribution as will the 
Deq = Equivalent Area Diameter
Area1
Area2
Area1 = Area2
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level of filtration as described by Saba (94).  For example, fretting wear of a spline will 
predominantly generate very fine particles and should be detectable by SOA.  For the 
common failure mode of RCF, it is feasible that very few fine particles (i.e. less than ~20 
μm) are formed due to the nature of how the debris is created (Section 3.3.3.1).  Rosado, for 
example states that for RCF the vast majority of particles are greater than 100 μm (56).  
One possible reason why the Tauber plot has not been more highly scrutinised is the 
difficulty of accurately counting and sizing metallic wear particles in the sub-50 μm range.   
Additionally, the Tauber plot does not account for the level of filtration applied to a 
system. As a comparison, Figure 23 shows graphically the difference in detection range 
between the common SOA technique and the typical range for an IWDS.  
 
 
Figure 22: Tauber’s ubiquitous idealized wear debris distributions as a failure progresses.  
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Figure 23: Size detection comparison of SOA and IWDS. 
 
Howard et al conceptually illustrate the ambiguity associated with particle size 
distributions from benign wear-in modes and incipient failure modes (Figure 24).  The plot 
shows a region where the particle size alone may not be sufficient to discriminate between 
benign and significant wear debris.  Whilst the ambiguity region is a real issue for the 
detection of wear debris, the determination of rate of debris generation is not discussed.  
Typically benign wear-in debris would tend to have a reducing rate of generation, whereas 
an incipient failure would have the opposite. 
 
Figure 24: Typical debris versus amount curve reproduced from Howard et al. 
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3.3.2 Composition 
The elemental composition of wear debris is very useful for discriminating between 
benign debris and wear debris originating from an incipient failure of a significant 
component.  Early efforts at identifying the composition of metallic debris utilised several 
methods to infer the material type.  For example, the Caribou aircraft manual dating from 
1970 (95) and relating to the Pratt and Whitney R2000 radial engine, describes using 
magnets, a soldering iron and the reaction of debris with hydrochloric and nitric acid to 
determine the type of material observed in oil filters and strainers.   
 
The composition of wear debris is now typically determined using either a Scanning 
Electron Microscopy (SEM) with Energy Dispersive Spectroscopy (EDS) or X-ray 
fluorescence (XRF).  Both techniques rely on the excitation of a specimen by an electron 
beam or x-ray source that causes the ejection of an inner shell electron (Figure 25).  With 
essentially an electron void created, an electron from a higher energy shell will then 
replace the one ejected.  As the electron transits from a higher to a lower energy state to fill 
the void, it must release some energy as a characteristic X-ray; it is this X-ray that is unique 
to each element and is detected.  Any element present in a specimen will produce a 
characteristic X-ray when excited and this information is captured in a spectrum (Figure 
26).  The height of the respective peaks is indicative of the relative quantities of element in 
the specimen and a reasonably accurate estimation of the percentage of each element can 
be achieved with modern EDS software. 
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Figure 25: Simplified sketch of X-ray Fluorescence spectroscopy. 
 
 
Figure 26: Example of a SEM EDS image and spectrum of stainless steel debris.  
 
Once the percentage composition is known for a specimen, the likely source can often be 
determined.  Machinery manufacturers sometimes provide a metal map, which is a list of 
all components together with their respective material specification.  The metal map can 
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then be used to determine what components have a composition that matches that of the 
debris found.  Often dynamic load-bearing components such as bearings, gears, shafts and 
cams are the items of particular concern.  Even in the absence of a metal map, some 
conclusions can be made regarding the likely source.  For example a tin (Sn) plated plain 
carbon steel would generally be associated with ingress from a foreign source (such as an 
oil can) whereas a low alloy steel with approximately 1.5% chromium (Cr) could be 
associated with a rolling element bearing.  Knowing the composition can greatly assist 
with making an informed maintenance decision, however this still requires laboratory 
analysis using skilled operators and the expensive equipment mentioned above. 
 
3.3.3 Morphology and Damage Modes 
Identification of debris morphology (e.g. edge detail, surface features, overall shape and 
colour) can provide some insight to the cause of the debris liberation and damage mode.  
Typically, wear debris particles are classified according to the failure mode that produced 
them.  Early work by Bowen (85) published as an adjunct to the Direct Reading 
ferrography method included a wear particle atlas that showed extensive images of wear 
particles and classified the wear modes as either: 
1. Rubbing wear: usually benign wear of sliding surfaces; 
2. Cutting wear: abnormal abrasive wear due to interpenetration of sliding surfaces; 
3. Rolling fatigue: the fatigue wear of rolling contact bearings; 
4. Combined rolling and sliding: the abnormal wear regimes of fatigue and scuffing 
associated with gears; or 
5. Severe sliding: Excessive load and high speed wear of sliding surfaces. 
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These categories are closely aligned with those described by Ebersbach et al. (96) as being 
associated with common machinery damage modes.  
 
Tallian (23) published a wear particle atlas specifically relating to contact fatigue failures. 
In this document a description of the features associated with each type of particle is 
provided.  Later work by Roylance et al (88) identified four main types of wear and the 
associated attributes based on three tribological test machines.  Specifically, they classified 
particles as either mild wear, severe sliding, rolling pitting fatigue, or cutting wear.  A 
further development of this work by Sperring et al (97) resulted in a wear particle classifier 
that was used by the Royal Air Force for early failure detection called SYCLOPS.  This 
classifier guided the user through a  manual comparison of the wear debris characteristics 
with a large debris library.  This classifier used the following eight characteristics to 
identify which of the three primary failure modes the particle belonged to (i.e. fatigue, 
adhesive or abrasive): 
1. Shape, 
2. Size, 
3. Edge, 
4. Colour, 
5. Surface, 
6. Pitting, 
7. Striations, and 
8. Cracks. 
Later editions of the classifier reportedly used a reduced number of characteristics, 
however this could not be confirmed in the available literature.   
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Stachowiak (86, 98) described the development of an expert-free system for wear debris 
morphology classification.  This wear particle classification system used a hybrid fractal 
and wavelet approach for defining the edge detail and surface topographic features of a 
particle.  This approach required the use of a database of particles from known failure 
modes.  This type of image processing system may be considered the ultimate aim for a 
wear debris morphological classification system, however there are significant hurdles.  
For example the morphology of real wear debris does not always conform to a single clear 
failure mode; what may start as an adhesive wear issue may in fact result in a fatigue 
failure.  Additionally, the relative importance of a detailed morphology assessment 
compared to size, quantity and composition is questionable.     
 
Reintjes et al (99) describes the development of the Laser Net Fines on-line monitoring 
system.  This instrument is commercially available and appears to be a robust in-field 
method of analysing wear debris with minimal human input.  Whilst this system looks 
very promising, it is unable to identify surface features or colour  as it uses a silhouette of 
the particle only.  This system does claim to be able to diagnose particles originating from 
either fatigue, adhesive or abrasive wear modes purely by analysing the particle shape.  
This system requires the particles to be suspended in an oil sample and has a detection 
range of between 5 and 100 microns (100). 
 
The following four particle classifications are described repeatedly in the literature and are 
therefore considered to be the primary wear debris generation modes:  
1. RCF, 
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2. Adhesive,  
3. Abrasive (cutting), and 
4. Electric discharge damage (EDD). 
3.3.3.1 Rolling Contact Fatigue 
As previously discussed, RCF is recognised as the primary failure mode of rolling element 
bearings (7, 15, 74).  Ahmed defines RCF as: 
“...a mechanism of crack propagation caused by the near-surface alternating stress field within 
the rolling-contact bodies, which eventually leads to material removal.”(22) 
Ahmed also states that stress raisers such as those listed in Table 4 are the typical 
originators of RCF, however in most cases the initiators are simply classified as surface or 
sub-surface (10, 20, 21).  
 
RCF has several possible features associated with it that can be readily explained by the 
process of liberation and transport from the load zone through the scavenge portion of a 
typical lubrication system.  The formation of a typical fatigue particle from a rolling 
element bearing or gear is described in various publications with  Stachowiak et al (13) 
and Blau (101) providing particularly clear descriptions.  Essentially, a fatigue crack 
initiates sub-surface from either a surface or subsurface stress raiser and then progresses 
until it eventually returns to the surface; at this stage the particle is released.   
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Table 4: Broad categories of RCF initiators (22) 
RCF Initiator Examples 
Surface  Surface roughness (degree of asperities) 
Production grinding marks 
Dents or brinelling 
Subsurface  Metallurgy inclusions 
Micro-structural defects 
Inherent stresses 
Tribological  Hard particle contamination of lubricant 
Overload 
Lubrication breakdown  
Other Inherent edge loading in roller bearings 
Environmental (corrosion) 
Misalignment 
 
Figure 27 shows a section of rolling element bearing raceway from an aviation propulsion 
system just prior to the liberation of a particle due to RCF.  As a fatigue particle is 
liberated, subsequent rolling elements have the effect of rolling flat the rough surface and 
may in fact limit the amount of fine particles liberated from the spalled site.  Rosado et al 
state that an analysis of fatigue debris indicated the vast majority was greater than 100 
microns (56). 
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Figure 27: Bearing raceway showing RCF particle about to be liberated from the parent material. 
 
3.3.3.1.1 Rolled Debris Features 
Once the generation of fatigue particles has commenced the particles can be rolled flat by 
successive rolling elements or gear teeth as the particle exits the load zone after being 
entrained in the lubricant.  The rolling of these particles produces the characteristic radial 
cracking and fractal edge detail typical of RCF as described by Bowen et al (87), Ahmed 
(102) and Ding (103).  Figure 28 compares an optical image with a Scanning Electron 
Microscope (SEM) image of the same RCF particle and shows that the SEM image 
accentuates the edge detail. 
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Figure 28: Example of an SEM image (left) of a rolled fatigue particle highlighting the edge detail 
together with an optical image (right) of the same particle. 
 
3.3.3.1.2 Unrolled Debris Features 
Debris that manages to escape the load zone without being rolled retains its original 
dimensions and shape.  There are two surface features that are generally attributed to RCF.  
The first feature is a crystalline or rough appearance, which is evidence of the sub-surface 
fatigue crack propagation.  The second feature appears flat with faint parallel lines 
indicative of either benign operational wear or the surface finishing process used in 
manufacture (Figure 29). 
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Figure 29: Examples of fatigue particles from an aircraft gearbox showing the smooth surface with 
faint parallel lines (left) and crystalline rough surface (right). 
 
3.3.3.2 Adhesive 
Debris generated by adhesive wear is caused by loss of lubricant film due to either 
lubricant starvation, overload or the use of an incorrect lubricant (i.e. a lubricant with a 
significantly different viscosity) (13, 101).  Asperities on the adjacent surfaces then come 
into contact and locally weld themselves together prior to being torn apart with associated 
material transfer.  Adhesive wear has also been sub-categorized as either mild sliding 
wear (from polishing or wearing in of new components) or severe sliding wear (from an 
incipient failure) by Bowen et al (87) Roylance et al (88) and Raadnui (104).  The features 
commonly associated with this type of debris are deep parallel striations across the 
particle surface caused by the metal-to-metal contact when the lubrication film no longer 
adequately separates the adjacent load-bearing surfaces (Figure 30).  Another feature 
commonly associated with adhesive wear of ferromagnetic materials is temper colouring 
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(Figure 31) caused by the significant frictional heat generated between the adjacent 
materials as they weld and then separate as described by Sperring et al (97).   
 
 
Figure 30: Example of adhesive wear particle from an aircraft gearbox showing deep parallel 
striations across the particle surface. 
 
Figure 31: Example of adhesive particles recovered from the cylindrical roller bearing tested during 
this research showing parallel striations and temper colouring.  
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3.3.3.3 Abrasive 
The process of abrasive wear debris generation is clearly described by Stachowiak et al 
(13), Sperring et al (97) and Tylczak (105) and involves the cutting or gouging of material.  
The classic feature associated with this type of wear debris is the curlicue shape as shown 
in Figure 32.  This type of debris is typically associated with a machining process however 
in some cases it can be indicative of an incipient rubbing failure where a rotating 
component cuts an adjacent softer material (e.g. a housing or spacer).  These particles also 
show evidence of compression ridges generally on the concave surface. 
 
 
Figure 32: Example of large abrasive debris recovered from an aircraft engine and attributed to 
residual overhaul machining debris. 
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3.3.3.4 Electrical Discharge Damage 
One variety of debris not commonly mentioned in the literature is that resulting from 
Electric discharge damage (EDD) of bearings and gears.  Palmgren (17) , Zika et al(106), 
Wiebe and Morphy (107), Prashad (108) and Boynaton and Hodges (109) all discuss the 
EDD phenomenon, however virtually no mention of the morphology or size distribution 
of the liberated metallic debris is discussed.  Becker and Abanteriba (110) describe in detail 
the morphology of various EDD particles observed in aviation propulsion bearings. This 
phenomenon occurs when there is an electrical potential difference between a rotating 
component and the support structure.  Since the bearings are the path of least resistance, a 
periodic electric spark is generated that spark erodes the bearing surface.   
 
Typical characteristics of this form of damage are parallel fluting of the bearing raceway or 
frosting of the bearing surface.  Examples of the debris resulting from this failure mode are 
shown in Figures 33 and 34.  The debris typically shows a polyp-like surface with deep 
cavities and regions where melting and re-solidification have occurred.  The re-
solidification can cause the local composition of alloying elements to vary from the 
original parent material.  Whilst some of the parent metal is vaporized in this process, 
debris does make it into the oil and can be used to identify the presence of EDD.   
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Figure 33: SEM Image of an EDD particle retrieved from an aircraft engine showing the polyp-like 
features and cavities. 
 
 
Figure 34: SEM image of an EDD particle recovered from an aircraft propulsion bearing made of 
AISI M50 steel clearly showing a region where re-solidification has occurred.   
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3.3.4 Inductive Wear Debris Sensors 
3.3.4.1 Operation 
 
Inductive wear debris sensors (IWDS) detect the passage of metallic particles through a 
magnetic field that surrounds the bore of the sensor.  In general, the disruption to the 
magnetic field caused by the passage of the particle results in a signal that is detected and 
then processed to provide information about type of particle, size and rate of generation.  
The sensor used in the experimental validation phase of this work (GasTOPS 
MetalSCAN™) consists of two balanced magnetic field coils and a central sensing coil 
through which the oil and entrained particulate flow (Figure 35). 
 
The oppositely wound field coils form part of a resonant circuit and are supplied with a 
high frequency AC voltage that induces a magnetic field that is balanced at the midpoint 
between the coils.  The resonant circuit enables significantly greater sensitivity to a passing 
metallic particle.  In the stable state with no metallic particles present, no signal is induced 
into the sensing coil.  However when a particle passes through the sensor it disturbs the 
magnetic field and induces a signal in the sensing coil as shown in Figures 35 and 36.  The 
phase and amplitude of the signal are then processed to extract information about the size 
of the particle and whether it is ferromagnetic or non-ferromagnetic.  The amplitude of the 
sensed voltage is approximately proportional to the size of the particle.   
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Figure 35: Cross section of MetalSCAN™ IWDS in balanced state (111) . 
 
 
Figure 36: Cross Section of MetalSCAN™ IWDS in unbalanced state.  
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Ferromagnetic particles show strong permeability when exposed to the applied magnetic 
field and essentially have an additive effect on the overall magnetic flux density of the 
system.  As non-ferromagnetic conductive particles enter the magnetic field created by the 
sensor field coils, eddy currents are induced in the particle.  The Faraday-Lenz law states 
that the presence of eddy currents in a particle creates a magnetic flux in opposition to the 
applied field.  As the particle gets closer to the field coils the overall magnetic flux density 
of the system decreases (112).  The Faraday-Lenz law relates the induced voltage (EMF) in 
a given coil of N loops to the rate of change of magnetic flux through the coil (113).   Lenz 
further refined this law to state that the polarity of the induced voltage is such that it 
opposes the change to the magnetic field (Equation 27). 
 
𝑀𝑀𝑡𝑀𝑀𝑀 𝐸𝑀𝐹 =  −𝑁∆(𝐵𝐵)
∆𝑡
 (27) 
 
Since the field in these sensors is alternating, the particle will also have an alternating 
magnetic field induced that will appear as a voltage in the sensing coil. The particle signal 
will initially appear as a signal enveloped on a modulated carrier; this will then be 
rectified, amplified and low pass filtered to leave a single impulse analogous to the 
particle size and type (Figure 37). The different responses of ferromagnetic and non-
ferromagnetic particles manifest themselves as a phase relationship that is used to 
distinguish between these types of particles.  Other sensors of this type use a similar 
principle of operation (114). 
 70 
 
 
Figure 37: Sketch of the fundamental signal processing for IWDS (115). 
 
For the first time, these sensors provide a practical method for monitoring the health of 
lubricated equipment real-time.  Previous techniques relied on periodic samples of oil 
being extracted from the machine for analysis.  When applied correctly (i.e. with suitable 
limits) the significance of bearing life estimations is greatly diminished since the machine 
can operate until an incipient failure is detected.  
 
The IWDS is a relatively recent development and there are now a small number of 
commercial manufacturers.  They have been applied to areas such as aviation (91, 116), 
wind turbine (117), marine propulsion and general industry(118).  Becker describes a novel 
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use of this type of sensor for the dry removal and quantification of wear debris captured 
by magnetic chip detectors or filter patch (5). 
 
3.3.4.2 Patents 
 
One of the first patents for a device seeking to find metallic objects using a resonant circuit 
was granted to Hedden (119) in 1938 for a metal detector.  In 1948 Wheeler (120) was 
granted a patent for a metal detector embodying co-axial field and sensing coils. Chambers 
and Waggoner (115) appear to be the first awarded a patent (1987) for a wear sensor 
specifically aimed at detecting wear debris in a fluid and incorporating a high frequency 
oscillator (Figure 38).  This invention utilised two electromagnets that when energised 
attracted and concentrated coarse and fine ferromagnetic wear debris.  The electromagnets 
were timed to energise at an interval of 300 seconds, then they were de-energised and the 
trapped debris was re-liberated into the lubricant stream for detection. The two clusters of 
previously trapped debris pass through an induction loop resulting in two induced 
voltages that were analogous to the quantity of fine and coarse ferromagnetic debris.  The 
system remained de-energised for a further 30 seconds and then the cycle was repeated.  
One of the limitations of this system was that it did not detect non-ferromagnetic debris 
and only the bulk inductive measurement was available (no information about individual 
particle count or size was produced).  
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Figure 38: Schematic of Chambers and Waggoner patent (1987) for IWDS (115). 
 
 
Veronesi et al (121) in 1989 described an IWDS in the form of a cylindrical scroll separated 
by a capacitive device (Figure 39).  The sensor was essentially a split single turn coil that 
surrounded a non-conductive section of pipe.  The detection of metallic particles was 
achieved via a marginal oscillator circuit in a similar fashion to the other sensors 
described.  In 1994 and 1995 Kempster and George were granted two patents for an IWDS 
(112, 122).  This is the style that was developed into the commercial MetalSCAN™ sensor 
used in this research and described previously.  Figure 40 shows a schematic of the sensor 
system devised by Kempster and Geroge.    Rumberger and Gross (123) describe an 
invention using the inductive detection principle where the resonant circuit frequency is 
varied.  They claim the variable frequency enables detection of specific materials.  
Hutchings (114) was granted a patent for a bench-top device using a similar principle in 
2000.  This device (now known commercially as MIDAS-Dry) quantifies the total sample of 
ferromagnetic debris in a single pass through an inductive sensor.  An IWDS (known as 
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the PATROL sensor) similar to the GasTOPs MetalSCAN™ has also been developed by 
Hutchings that appears to use only two coils in a resonant circuit. 
 
Figure 39: Sketch of split single turn coil IWDS invented by Veronesi et al (121). 
 
 
Figure 40: Schematic of Kempster and George patent (112). 
 
3.3.5 Filter Debris Analysis 
Filters are a rich source of information about wear-related failure modes that in the past 
have rarely been exploited in the field (124).  Filter Debris Analysis (FDA) is the process of 
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extracting and analysing debris captured by filters in lubrication and hydraulic systems.  
FDA is emerging as an essential condition monitoring technique as fine filtration becomes 
more common and hence reduces the effectiveness of traditional techniques such as 
Spectrometric Oil Analysis (93, 125, 126).   
 
Filters have an added advantage over traditional fluid sample techniques as they capture a 
high percentage of the total system debris (metallic, non-metallic and organic particulate 
contamination) within the size range useful for machinery condition monitoring.  
Provided the debris can be analysed, the high capture efficiency can result in high quality 
information about the health of the internal dynamic components with little ambiguity 
about the presence of an incipient failure.  The extraction of debris from filter elements has 
typically been cumbersome and timely analysis of the debris has been difficult to reliably 
achieve by non-experts.    Recently a standard was released by ASTM International 
(formerly the American Society for Testing of Materials) regarding the extraction and 
analysis of filter debris (3).    
 
A commercial product (FilterCHECK) is available that automatically extracts and 
quantifies the metallic debris captured in a filter element (Figure 41).  This device was 
originally designed for the detection of bearing failures in US Navy aircraft where 
traditional technique (SOA) had failed to detect failures (127). A filter element is inserted 
into the wash housing over a hub using adapters specific to each filter size.  The filter 
element is then reverse flushed with a combination of wash fluid and compressed air 
pulses.  The wash fluid and compressed air pulses transport the debris out of the filter 
pleats and creates a slurry of wash fluid and debris.  The resulting slurry then passes 
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through a MetalSCAN™ IWDS that provides a count of ferromagnetic and non-
ferromagnetic debris.     
 
 
Figure 41: FilterCHECK instrument showing IWDS. 
 
 
3.3.6 Ferrography 
Ferrography is a laboratory technique for assessing the quantity and severity of 
ferromagnetic wear particles.  The process was invented by Siefert and Wescott (128) in the 
early 1970’s in an aim to improve the analysis of jet engine oil samples.  Ferrography 
involves passing the debris slurry over a transparent inclined substrate in the presence of a 
varying magnetic field (2).  Ferromagnetic particles become distributed on the slide 
according to size due to the underlying magnet that has a large field gradient. An 
IWDS 
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approximate size distribution is revealed on the slide and can be used to judge the severity 
of wear taking place.   
 
Ferrography can be further divided into Direct Reading (DR) Ferrography and Analytical 
Ferrography.  DR Ferrography provides a quantitative assessment of the number of 
particles greater than 15 μm (denoted large particles, DL) and less then 15μm (denoted 
small particles, DS).  The severity of the wear mode can be inferred by the respective 
values of DS and DL.  Analytical Ferrography requires a trained technician to interpret the 
results on the transparent substrate.  Ferromagnetic debris aligns end-to-end due to the 
magnetic field and therefore is visually discernible from non-ferromagnetic material that is 
non-aligned.  Whilst ferrography is a highly effective technique for determining wear, it 
has fallen out of favour with commercial laboratories due to the manually intensive 
process.  One by-product of the ferrogram is that the majority of wear particle atlases 
contain images produced on a ferrograph (2). 
 
3.3.7 Spectrometric Oil Analysis  
Spectrometric Oil Analysis (SOA) refers to a number of spectroscopy techniques used 
widely by oil analysis laboratories for determining the concentration of elements in oil 
samples (primarily lubricants and hydraulic fluids).  The primary aim of SOA is to detect 
wear metals and contaminants thereby alerting operators to abnormal conditions that may 
require corrective action.  Additives can also be monitored using this technique however 
this is generally of limited use when assessing machinery health.  What is not generally 
understood is the significant particle detection limitation associated with SOA: it cannot 
detect particles greater than about 8 microns (2) and this is somewhat dependant on the 
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exact sub-technique used (129).  Historically, SOA has been one of the predominant 
methods used for detecting wear particles (130), however the increasing application of fine 
filtration to modern lubricated systems has significant implications for its effectiveness.   
 
SOA is typically one element of an oil analysis package that can also include tests that 
assess the physical and chemical condition of the fluid (e.g. viscosity, water content and 
acidity).  SOA is a form of spectroscopy that requires a small sample of oil to be excited 
(typically by a spark) with the resulting light emission being characteristic of the elements 
contained in the sample.  The output from SOA is an elemental concentration (in ppm or 
mg/L) that can be trended and used to infer abnormal wear conditions in machinery, 
however no information is provided about size or morphology of the particles. The most 
common variants of SOA are Inductively Coupled Plasma (ICP) and Rotating Disc 
Electrode (RDE); these are usually conducted in accordance with a standard such as ASTM 
D5185 (131).  
  
The poor particle size detection range of SOA can be slightly improved for some variants 
of SOA by a method called acid digestion (132) that dissolves particles up to about 30 
micron into the fluid and then uses a variant of the SOA technique.  Acid digestion 
requires manual processing of the sample and handling of acids and is generally not 
employed by commercial laboratories for routine samples.  SOA does lend itself to semi-
automated analysis, which is perhaps why it has remained in such widespread use in 
commercial laboratories.  The numerical output is readily trended and superficially would 
appear to be easily comprehended by users however the limited size detection range is 
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rarely explicitly stated.  Another reason for the perseverance of SOA could be that there is 
currently not one clear alternative to replace it.   
 
3.3.7.1 Fine Filtration 
 
The particle removal rating of filter elements was traditionally stated as an Absolute or 
Nominal micron rating for particle removal efficiency (133).  To address reproducibility 
and other issues associated with these methods, a multi-pass method defined in ISO 16889 
(84) was developed; this technique results in a Beta ( β ) ratio for the filter element.  Beta 
ratio is now the commonly accepted method for defining the particle removal efficiency of 
a particular filter element.  A Beta ratio is determined using Equation 28 where x is the 
micron rating of the filter element and n is the number of particles measured. The Beta 
ratio can be converted to a percentage efficiency using Equation 29 and Table 5 contains 
percentage efficiencies for the commonly used Beta ratios.  
 ( )
( ) mxdownstreamn
mxupstreamn
x m
mβ
≥
≥
=  (28) 
 
 
( ) 1001% ×−=
x
xefficiency
β
β
 (29) 
Table 5: Particle capture efficiencies for common filter Beta ratios 
Beta Ratio % Capture Efficiency 
75 98.6667 
200 99.5 
1000 99.9 
2000 99.95 
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Fine Filtration here is defined as any filter that meets or exceeds a Beta (6 μm (c)) of 200 (i.e. 
200)(6 ≥cmmβ ).   Even though a filter rating may be stated as 200)(6 ≥cmmβ , smaller 
particles will still be removed but at a reduced efficiency.  Fine filters have found wide 
application in hydraulic systems in order to ensure correct operation of components with 
very fine manufacturing and operating tolerances.  Increasingly, fine filters are also being 
applied to lubrication systems particular in the aviation sector.   
 
Whilst the benefits of fine filtration are well documented (24, 134, 135), a consequence is 
that  SOA is no longer effective since the vast majority of any wear debris or 
contamination is removed by the filter (94).  If filtration is not considered from the outset 
of an oil analysis program then the resulting data may lead to a false impression of system 
health and missed failures. For example a consistently low SOA reading for iron (Fe) 
concentration in a fine filtered system could be misinterpreted as a healthy system when in 
fact it is a detection limitation. 
 
3.3.8 Magnetic Chip Collectors and Detectors 
A magnetic chip collector (MCC) consists of a magnetic tip inserted into the scavenge line 
of a lubricating system to collect ferromagnetic particles (Figure 42).  According to Gadd 
(136), the original intent of using a magnet to capture ferromagnetic particles liberated in a 
lubrication system was to limit secondary damage to other components.  The advantage of 
using MCCs to identify incipient failures soon became clear and they have found 
widespread use particularly in engines and gearboxes of aviation propulsion systems.  
MCCs simply collect the debris and do not provide any indication to operators as the 
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collection occurs.  These devices must be periodically inspected visually to determine if 
any debris has been captured.  
 
 
Figure 42: Image of non-indicating magnetic chip collector showing ferromagnetic debris captured 
on the magnetic tip. 
A further extension of the work is the indicating magnetic chip detector (MCD) (Figure 
43).  In this device the basic magnet is replaced by either two magnets separated by a small 
insulated region or a magnet separating two electrical contacts.  When the accumulation of 
ferromagnetic material bridges the gap, an electrical circuit is made and an indication 
occurs.  The indication could take the form of a simple lamp illumination or it could feed 
into a more sophisticated Health and Usage Monitoring System (HUMS).   
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Figure 43: Simplified view of an indicating magnetic chip detector circuit.  Figure shows 
ferromagnetic debris captured by magnetic portions bridging the yellow insulating gap to complete 
the circuit and indicate a potential failure. 
One of the shortcomings of the indicating MCD is that it can be susceptible to nuisance 
indications caused by the gradual accumulation of very fine benign debris known as 
“fuzz”.  This is particularly evident in lubrication systems with relatively coarse filtration.  
Tauber  (93) describes an extension of the indicating MCD principle known as a “fuzz 
burner” MCD (Figure 44).  When debris bridges the gap in this device a strong current 
pulse can be sent through the circuit to locally vaporize the benign fine debris and remove 
the indication.  Wear debris generated from an incipient failure is too large to be affected 
by the pulsed current and therefore the indication will remain if significant debris is 
present.   
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Figure 44: Simplified view of "Fuzz Burning" MCD showing principle of operation. 
The capture efficiency of these devices is influenced by the physical location within a 
system, the location of the magnet within the fluid stream, the fluid velocity and the 
magnet strength.  Hunter (137) states that when properly installed in a lubricating system, 
the capture efficiency of a MCD can be in the range of 50-80%.  Saba (94) reports that  both 
the indicating and non-indicating variants capture particles in the 100 to 400 µm range, 
however the reason for placing an upper size limit is not explained.  Raadnui (138) states 
that these devices are most efficient capturing particles greater than 100 µm.      
 
One of the obvious shortcomings of these devices is their applicability to ferromagnetic 
debris only, however most load-carrying machine elements are made of ferromagnetic 
alloys.  Another shortcoming has been the repeatable assessment of the captured debris.  
Traditionally the debris was quasi-quantified off-line either visually or by using a bulk 
inductive instrument that simply measured the total magnetic flux change of the 
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specimen.  Whilst these methods had some merit and could be used for long-term 
trending, there was no information provided about the particle size distribution present.  
Becker (5, 139) describes a new device that overcomes this shortfall and uses pneumatic 
excitation combined with an IWDS to provide  count and size information of debris 
captured by a MCD (Figure 45). 
 
 
Figure 45: Sketch of MCD quantifier as described by Becker (139). 
 
 
3.4  Limit Setting 
Measuring a machinery health parameter in a MCM program constitutes only part of the 
equation; at some point a limit must be set that initiates either further intensive monitoring 
or maintenance.  Limits are a fundamental and critical component of an effective MCM 
program and their importance is often overlooked, potentially resulting in sub-optimal 
performance of the program.  Limits therefore need to have a solid basis, however in 
Entry stage 
(shown in the open position)
Recovery stage
Inductive wear debris sensor
Magnetic chip detector 
mounted here
25μm 90 mm diameter filter patch 
re-captures particles here
 84 
 
practice the provenance and validity are often unknown, unclear or are questionable (140).  
Limits are typically either numerical points or rule sets applied to measured parameters 
that trigger an action based on the context of the particular machine. The required action 
can be anything from increased sampling frequency of the particular parameter through to 
shut-down of the machine for maintenance.  Fully justified limits also contribute to 
instilling confidence in the MCM program.   
 
For this research, a limit is defined as a numerical value applied to a measurement that 
provides an indication that a machine or system has entered (or is trending towards) an 
abnormal condition and that some action is required. Typical actions can range from 
simply enhanced monitoring of the system through to an immediate shut-down of the 
machine for unplanned maintenance.  Various other terms may be encountered in the 
literature, such as threshold or rule sets, however in this document only the term limit will 
be used. 
 
3.4.1 Statistical Process Control  
 
In the 1930’s Shewart (141) first suggested the application of statistics to the quality control 
of industrial processes, known as Statistical Process Control (SPC).  SPC is a technique 
often used to measure the quality variation of product or process.  This technique requires 
the measurement of a characteristic or feature of a sample of the population that can then 
be used to draw conclusions about the trend of the process.  The results of this technique 
are generally displayed on a SPC control chart that can indicate visually the trend of the 
system.  Whilst Shewart focused on manufacturing tolerances and setting limits for 
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production processes, the concept has been applied to MCM.  Shewart discusses the 
concept of a quality characteristic lying somewhere within a tolerance interval.  If the 
quality characteristic exceeds the tolerance interval then the item is said to have failed.  
The issue Shewart raised was that often advance notice of a process going awry is needed 
and he introduced the concept of some basic statistical measures to provide an indication 
of process control.   This results in the development of precursor limits that indicate an 
unsatisfactory trend before the final limit has been exceeded.    
 
Deming and Birge (142) also discussed at length the issue of determining error tolerances 
for physical observations in particular the production of physical components.  Whilst the 
concept largely revolved around choosing a suitable sample from a population, the 
concepts were further developed and resulted in the average plus 3 standard deviations 
(3σ) being accepted as the tolerance that minimises economic loss for any given process. 
 
3.4.2 Traditional Limit Setting 
Traditionally, limits used for MCM have been based on either the statistical analysis of 
historical data or a significant change from previous values (e.g. a percentage change).  For 
example, a significant change in a lubricant’s viscosity is likely to indicate a problem with 
the lubricant.  A sudden decrease in viscosity could indicate contamination by a foreign 
fluid (e.g. fuel in an aircraft lubricating system due to a leaking heat exchanger), whereas 
an increase in viscosity could be an indication of oxidation of the fluid.  In this instance a 
percentage deviation from the fresh fluid viscosity could be applied (e.g. +/- 20% of the 
fresh fluid viscosity).  Alternatively an analysis of recent samples could be analysed using 
statistics to determine in-service limits.  
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Garvey (143) suggests the following methodologies used to determine limits for MCM 
applications.     
1. Judgement-based:  this technique relies on the availability of experienced analysts 
who are familiar with the type of machinery being monitored; 
2. Industry Standards:  These are typically generic limits based on groupings of 
machines based on working pressure or type (gearbox, gas turbine, Diesel engine 
etc.); 
3. Statistical Alarms:  The two statistical methods described are the cumulative 
distribution function and Gaussian distribution.  Both of these are widely used to 
set limits. 
4. Trend-based or rate of change limits: These methods are essentially looking for an 
unacceptable departure from a normal level.  Garvey quotes Poley (144) as 
suggesting there are three ways of achieving trend or rate-of-change alarms: 
a. Relative Magnitudes:  This technique simply looks for a significant change 
in magnitude. 
b. Rolling Average:  This technique compares the current value to an average 
of several historical measurements. 
c. Factoring Delta Settings: This technique uses a weighting method that 
requires very large changes to occur before an alarm is tripped for small 
values.  As the values increase, the required percentage change decreases. 
Garvey also notes that human interpretation is also used for the detection of abnormal 
conditions, however the context must be considered.  The repeatability and robustness of 
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this approach is questionable particularly in industries where workforce turnover is high 
or where MCM is contracted out. 
 
ASTM International (145) have published a guide for setting oil analysis limits that 
describes the CDF and Gaussian (SPC) statistical approach.  This document suggests that 
the CDF method can be successfully used where more than 100 samples are available.  It is 
also stated that tentative limits can be set (with caution) where 50 samples are available 
however this would require review after some further period of operation; ideally 1000 
samples are stated to provide the best results.  This indicates that there would be some 
value in a method that allowed initial limits to be set where no pre-existing data is 
available.   The ASTM guide also states that where the Gaussian technique is used, a 
sample of at least 30 is required to have any statistical validity.  Generally, the document 
recommends the Gaussian method for data that is normally distributed and the CDF 
method for analysis independent of the data distribution (provided sufficient samples are 
available). 
 
The ASTM guide for Gaussian alarm setting utilizes a double tail (Figure 46) approach 
(e.g. defining an upper and lower limit where deviation from an acceptable band must be 
indicated), however a single tail approach can also be applied to MCM data (figure 47).  
Table 6 shows the acceptable percentage of a population for various standard deviations. 
Any alarms set for wear debris analysis would typically be set using an upper limit, since 
machines that generate little if any wear debris are seldom of interest in MCM.  
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Figure 46: Sketch of a Gaussian distribution of data showing upper and lower tail limits. 
 
Figure 47: Sketch of Gaussian distributed data showing an upper tail limit only. 
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Table 6: Percentage of population contained within statistical interval 
Number of standard 
deviations  
(σ ) 
Percentage of Population Within Interval 
Average + σ  
(upper limit only) 
Average +/- σ  
(upper and lower limit) 
1 84.14% 68.27% 
2 97.73% 95.45% 
3 99.87% 99.73% 
 
The CDF provides the proportion of a population (or sample) with a value less than x (i.e. 
a percentile). To produce a CDF the sample is first ranked as a percentage from lowest to 
highest and then plotted against the sorted measured values.  Once the plot has been 
created, the limits are simply read off at the desired percentile.  Figure 48 shows a CDF for 
the rate of debris generation for a fleet of T56 turbo-shaft gas turbine engines. The units 
used in this data set are Debris Quantity per hour (DQ/hr), which are non-SI units 
obtained from a proprietary bulk inductive instrument2. As the CDF technique is 
independent of an assumed distribution, a limit at the 95th percentile can simply be read 
off the plot (in this case the 95th percentile limit is 1.6 DQ/hour).  This however raises the 
question as to what percentages should be used for the various limits. Garvey (143) 
suggests the 80th percentile and the 98th percentile as possible alarm limit settings.  The 
ASTM guide does not explicitly state a percentile but does show the 95th and 98th 
percentiles as possible limits but does not expand on this in the text.  Instead, it states that 
the actual percentiles are selected based on experience; a somewhat arbitrary approach.  
 
                                                     
2 Staveley Mark 3 Wear Debris Tester 
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Figure 48: CDF of Debris Quantity rate (DQ/hour) for a fleet of T56 turbo-shaft gas turbine 
engines showing how a limit at 95% can be read on the abscissa. 
 
3.4.3 Wear Debris Limits 
Ideally a system with an IWDS should produce close to zero debris for a healthy run-in 
machine.  The normal state of the machine and IWDS is for no particle counts to be 
recorded.  Therefore the application of Gaussian or CDF to this type of sensor is not 
particularly useful for determining a limit.  The only known published limit methodology 
for an IWDS is contained in the GasTOPs MetalSCAN™ User’s Manual (111), which 
applies only to rolling element bearings and uses mass as the damage indicator (Equation 
30).  The formula is based on the spall angle which is the angular distance that a spall has 
progressed around a rolling element bearing raceway.  The recommended limit is 10% of 
the calculated mass, however the validity of this formula is not fully explained in the 
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machines with multiple bearing sizes and other components such as gears or cams.  
Additionally, the sensor measures the size of a particle based on the amplitude of the 
sensed magnetic flux disturbance.  The mass is then inferred from the size assuming the 
particle is spherical and using the density of a typical bearing steel.  Given that most 
particles are generally flat flakes, the result is an inherent over-estimation of mass when 
compared with the actual weighed debris.  Despite this, there are reports that inferred 
mass does provide a reliable indicator of failure based on single bearing tests (91, 116), 
however not all inductive sensors report an inferred mass parameter.   
  
 
dpalarm BDn
KM 360=  (30) 
 
Dempsey et al (146) suggest a simple fuzzy logic approach for setting limits for taper roller 
bearings based the inferred mass data from an IWDS.  Whilst this approach appears to 
produce valid limits, the application of it to complex machinery may not be feasible; 
indeed the authors state that more work (specifically failure progression testing) is needed 
to define warning limits. Dempsey (147) also describes testing conducted by NASA to 
determine an appropriate method for setting wear debris limits for gear teeth.  The 
conclusion drawn is that a fixed numerical limit applied to inferred mass data is 
insufficiently robust for detecting gear teeth issues.     
 
Davis (148) provides a brief overview of limit setting applied to wear debris analysis and 
states that typically wear debris limits are based on a percentage change or a statistical 
feature.  Davis also points out that the application of a statistical approach to wear debris 
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can be misleading since ideally a healthy machine will not produce any substantial wear 
debris.  The resulting Gaussian-derived limits would therefore be based on little if any 
data and potentially lead over-conservative limits.  Davis (148) and Troyer and Barnes 
(149) both discuss rate-of-change alarms as an alternative approach.  This uses the 
standard rate formula to determine either the instantaneous rate-of-change or can use a 
larger time base to present a long-term trend.  Where off-line bulk inductive instruments 
are used to trend ferromagnetic debris, the instantaneous rate-of-change can be a useful 
metric to use, however for on-line applications such as the IWDS, a longer or weighted 
time base can avoid erratic indications. 
 
 
4. Novel Method for Determining Cumulative Limit 
A novel method is described below for determining a physically meaningful wear debris 
limit for machinery with an IWDS installed in the lubrication system.  The method 
calculates an expected number of particles based on an area damaged by RCF and defined 
by the component geometry and the maximum load.  The method has been validated for 
ball bearings, however it is also shown to apply to roller bearings and spur gears.  The 
application of this method to complex machines comprising multiple bearings of different 
sizes is also demonstrated.  Finally, a wear debris metric is described that can be applied to 
IWDS data that augments the calculated limit. 
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4.1 Ball Bearing Limit 
In general, the spalled (i.e. damaged) area is determined primarily by the contact area of 
the rolling element raceway and the arc between adjacent rolling elements.  A real spall 
will spread across the raceway as well (75) and this also contributes to the total spalled 
area. The arc length between adjacent rolling elements is significant since a spall that 
exceeds this may allow more than one element to temporarily unload and could therefore 
result in shaft displacement or other secondary damage.  The spalled area (and hence the 
expected number of particles) may be modified  using a reliability factor to accommodate 
different consequences of failure.  Table 7 contains a summary of the steps required to 
calculate the limit for ball bearings. 
 
Table 7: Summary of steps for ball bearing limit calculation. 
Step Description 
1 Determine the contact area.  
2 Determine the transverse spall growth. 
3 Determine the arc length between adjacent rolling elements. 
4 Determine fundamental damage area. 
5 Determine the reliability coefficient (and subsequent modified damage 
area). 
6 Determine the particle size bins for the specific sensor being used. 
7 Determine the expected number of particles in each size bin. 
8 Determine the final count limit (with appropriate precursor limits). 
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Ideally the machine manufacturer’s drawings would be consulted to determine the 
specific part numbers of the major bearings however this is rarely available.  Where this is 
not possible, this method can still be used by measuring (or estimating) the relevant 
physical dimensions of the bearings and matching them to equivalent bearings from a 
bearing catalogue.  In order to determine the appropriate limit, the following preliminary 
data are required: 
1. Maximum static load;  
2. Poisson’s ratio of the material used for the raceway and rolling elements; 
3. Modulus of elasticity for rolling element and raceway; and 
4. Dimensions of the rolling element and raceway. 
 
4.1.1 Step 1: Determination of Contact Area 
As shown in Figure 49, the contact area (AC) is calculated from Dy and Dx that represent 
the major and minor diameters of the elliptical contact area and can be determined using 
Equation 31 (6):  
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Figure 49: Rolling element showing contact area ellipse dimensions. 
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4.1.2 Step 2: Determination of Transverse Spall Growth 
A RCF crack will propagate at the depth of maximum shear stress (9, 10, 17, 101).  The 
following calculation determines the additional spall area generated in the transverse 
direction (across the raceway) created by the rolling element dropping into a spall of depth 
equal to the depth of maximum shear stress.  Whilst Figure 49 showed a rolling element 
and contact area with no spall, Figure 50 shows the same rolling element unloaded due to 
being dislocated into a simplified spall together with the original contact area. 
 
Figure 50: Rolling element dislocated into spall area (exaggerated for clarity) showing original 
contact area and simplified transverse growth. 
 
Referring to Figure 50, the depth of maximum shear stress is determined using Equations 
42 (14). 
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4.1.3 Step 3: Determination of Arc Length 
From geometry, the arc length between adjacent rolling elements is determined as shown 
in Figure 51 using Equations 47.  As it is not known whether the inner or outer race will 
deteriorate first, the pitch radius is used in this calculation.  Typically the inner race will 
show signs of deterioration first due to the reduced contact area (leading to higher local 
stress for a given load compared to the outer race).  The inner race radius could be used 
however it would have minimal impact on the final limit.  
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Figure 51: Rolling element bearing showing the pitch arc used to define the spall area. 
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4.1.4 Step 4: Determination of Fundamental Damage Area 
Figure 52 shows the composite projected damage area known as the fundamental damage 
area (AFD).  This area is determined using Equation 50 and simply sums the: 
1. contact area,  
2. area formed by the pitch arc and the contact area width, and 
3. area formed by the transverse damage growth. 
   ( )yDSAA yPCFD ∆++= 2  (50) 
 
    
Figure 52: Projected definition of fundamental damage area. 
 
4.1.5 Step 5: Determination of Reliability Factor 
Once the fundamental damage area has been determined, it is then modified by applying a 
reliability factor.  The reliability factor is used to modify the allowable spall area based on 
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Sp 
Dx 
Δy 
Dy 
 101 
 
machinery may have a smaller allowable spall area compared to one wind turbine in a 
farm of 100.  There is an inherent assumption that machinery that is fitted with inductive 
wear debris sensors is sufficiently critical to warrant the installation of the sensor.  
Consequently, a simplified NASA (150) criticality ranking (Table 8) has been used that 
does not refer to machinery that has low consequence of failure.  The principle is that for 
highly critical machinery, the allowable spall area is 20% less than that calculated. 
Similarly, for applications where the consequence of failure is not as severe, the allowable 
spall area is 20% greater. 
Table 8: Simplified NASA criticality scale used to determine reliability factor. 
NASA 
Criticality 
Ranking  
Effect Description Reliability 
Factor 
(Rrel) 
4 Low  Low disruption to facility function. (e.g. most 
industrial processes where the primary loss is 
commercial).  
1.2 
5 Moderate Moderate disruption to facility function. For 
example machinery associated with a key utility 
(e.g. electricity generation or a hospital) the failure 
of which could reasonably result in significant 
consequences. 
1 
9 High Potential safety, health, or environmental issue.  
For example, machinery in a non-redundant 
aviation propulsion system (e.g. aircraft). 
0.8 
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4.1.6 Step 6: Determination of Modified Damage Area 
The modified damage area (AMD) is determined by multiplying the fundamental damage 
area by the appropriate reliability coefficient as shown in Equation 51. 
   FDrelMD ARA ×=  (51) 
 
4.1.7 Step 7: Determination of Debris Size Bins 
An additional consideration here is the detection range of the sensor being used.  
Inductive wear debris sensors have a lower limit of detection (LLD) that is typically 
related to the bore diameter; as the diameter increases the LLD also increases.  Table 9 
contains the detection thresholds of some common inductive wear debris sensors: 
Table 9: IWDS bore and lower limit of detection (ferromagnetic). 
Manufacturer Sensor Nominal 
Bore 
Lower Limit of Detection 
(LLD)3  
GasTOPS MetalSCAN™ 9.5 mm 
(0.375”) 
80 μm 
  16 mm 
(0.75”) 
200 μm 
Kittiwake Analexrs Ferro FG-
K16121-KW 
10 mm 40 μm 
FAG Wear Debris Monitor 4 mm 50 μm 
Hydac MCS13XX 6.3 mm 70 μm 
                                                     
3 Ferromagnetic particles 
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The proposed method accounts for the varying LLD by defining n equi-spaced data bins.  
Whilst the upper limit of detection is not explicitly stated for each sensor, particles 
exceeding 1mm are considered to be extreme and associated with functional failure.  The 
method therefore caps the upper bin size at 1100 microns so that 1000 micron particles can 
be included. The generic process for determining debris bin sizes is shown below: 
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4.1.8 Step 8: Determination of Final Limit 
The modified damage area (AMD) is then divided into n equal portions, where n is the 
number of bins.  A generic particle area (AEP) is then determined for each bin based on the 
median particle size and assuming all particles are elliptical with an aspect ratio of 1:1.3 
(Figure 53).  This aspect ratio was determined from an analysis of 38 randomly selected 
particles from a naturally occurring ball bearing failure and is consistent with the value of  
1:1.5 by Momber and Wong (151) and 1:1.4 published by Roylance et al (152)4.  Figure 54 
                                                     
4 The Roylance value is limited to the size range of 10 to 50 μm, which is below the detection 
threshold of these sensors. 
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shows the damaged bearing raceway that generated the RCF particles used to determine 
the generic particle shape.  This bearing was a grease-lubricated angular contact bearing 
that enabled all of the wear debris from this damage to be retrieved.   
 
Figure 53: Assumed generic particle shape of aspect ratio 1:1.3. 
 
Figure 54: Damaged bearing inner raceway that provided debris for idealized debris shape analysis. 
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The area (determined by polygon fit), length, breadth and aspect ratio of each particle was 
determined using a digital microscope (Appendix A). A comparison was then performed 
between the actual particle area and the area of a generic particle of equivalent size (Feret 
dimension). There was an average difference between the measured and generic areas of 
12%, which was considered acceptable.  Figure 55 contains a plot of the measured and 
assumed area of each particle and shows good correlation. 
 
 
Figure 55: Comparison of measured and assumed debris area. 
 
As discussed in Section 3.3.1, particle size is the maximum distance between two parallel 
lines that touch the edges of the particle (Feret dimension). The generic elliptical particle 
area is therefore calculated using Equation 53:  
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min3.1 RRmaj ×=  (54) 
   
The modified damage area (AMD) is divided up into n equal portions.  The number of 
particles (NP) in each of the portions is now calculated using Equation 55.  This method 
produces an exponential particle size distribution similar to that observed in a previous 
trial of a full-scale helicopter gearbox.  Figure 56 shows the particle size distribution at the 
conclusion of the test and clearly shows the exponential nature of the distribution.   
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Figure 56: Particle size distribution at conclusion of full scale helicopter gearbox test (failed bearing 
also shown). 
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 The spall portions are used to determine the area of material expected to be liberated in 
each size range due to rolling contact fatigue.  The total number of expected particles 
(Ntot) is then determined by summing the number of expected particles in each area 
portion.  The total number of particles (Ntot) is considered to be the Terminate limit, which 
is the point at which the machine or system is shut-down and maintenance initiated in 
order to prevent catastrophic failure.  The total number of particles predicted to be 
liberated from the modified damage area is determined using Equation 56. 
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Equation 57 defines the Limit Increment (LI) that is then used in equations 58 and 59 to 
determine the precursor limits.  Precursor limits are used to provide some advanced 
warning of an impending excursion past the Terminate limit.  The LI is determined by 
dividing the calculated total number of particles by 6; this is an arbitrary integer that 
allows the counts between each limit to get progressively smaller as the Terminate limit 
approaches.  This has a secondary benefit of being less sensitive to false alarms. Figure 57 
shows how the final and precursor limits would apply to IWDS data. 
   
6
TOTNLI =  (57) 
  
   3×= LIAbnormal  (58) 
  
   5×= LIWarning  (59) 
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Figure 57: Example of IWDS data showing how final and precursor limits may be applied. 
 
 
4.1.8.1 Worked Example: Ball Bearing  
 
In this example, the bearing used is an angular contact ball bearing (part number 
7006UCGD2/GNP4 identical to that used in the validation phase (Section 4.4).  The 
geometry and load characteristics of this bearing are shown in Table 10.  Appendix B 
contains the full working of the limit calculation for this bearing.  Table 11 contains a 
summary of the calculated limits for this bearing. 
 
Table 10: Geometry and load characteristics for worked ball bearing example. 
Parameter Value 
Number of rolling elements 15 
Contact angle  15 degrees 
Bore 30 mm 
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Diameter of outer raceway 50.19 mm 
Diameter of inner raceway 35.80 mm 
Inner race groove diameter 7.55 mm 
Raceway & Ball material AISI 52100 
Modulus of elasticity (AISI 52100) 210 GPa 
Poisson’s ratio 0.3 
Ball radius 3.57 mm 
Maximum radial load 9450 N (static) 
Maximum axial load 4000 N 
Pitch diameter  42.93 
Part Number NTN 7006UCGD2/GNP4 
 
Table 11: Summary of calculated limits for bearing 7006UCGD2/GNP4 
Limit Description Value 
(Fe Counts) 
Limit increment (LI) 51 
ABNORMAL (3 x LI) 153 
WARNING (5 x LI) 256 
TERMINATE 307 
 
 
4.2 Cylindrical Roller Bearing Limit 
 
Where cylindrical roller bearings are employed the contact area is rectangular and the 
determination of the wear debris limits follows a similar logic to that described above for 
ball bearings.  The method for roller bearings assumes that RCF will initiate and propagate 
in zones along the edges of the roller.  Only edge loading (Section 2.3.1.3) is considered 
here as it represents the more conservative case of RCF of roller bearings.  The alternate 
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case of full width RCF (i.e. pure radial load) would result in a substantially larger wear 
debris limit that may mask an edge loading condition.     
 
A search of the literature did not identify a single, universally accepted definition of where 
edge loading zones commence in cylindrical roller bearings.  The region of elevated edge 
stress for this research was therefore determined as the average value obtained from two 
different approaches.  The final value obtained was consistent with values described in the 
literature (32, 33, 35).  The first approach defined the edge loading zone as that point in the 
contact where the contact pressure was double that determined at the centre of the contact 
(Figure 58).   In the normalised example shown, this occurs at approximately 86% of the 
contact half width meaning the edge loading would occur in the remaining 14% of the half 
width. 
 
Figure 58: Contact pressure profile for a cylindrical roller showing point at which pressure doubles 
and region of edge loading. 
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The second approach option used a binomial expansion of the contact pressure 
distribution to determine where the higher order terms dominate.   
 
The Hertzian contact pressure distribution for a cylinder as stated by Johnson (18) is 
shown in Equation 60.  The general form of a binomial expansion given by Tuma (153) is 
shown in Equation 61.  Equation 60 can then be re-written as a binomial expansion and is 
shown in Equation 62.  Each of the first three terms of the expansion in Equation 62 
(excluding the initial unity term) are plotted separately to yield the plot in Figure 59 that 
shows the percentage contribution of the higher order terms.   
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Figure 59: Plot showing the percentage contribution and sum of the first three binomial expansion 
terms. 
 
The linear term dominates from approximately 82% of the contact half width.  Similarly, 
the maximum contribution of the squared term occurs at the 89% point and the maximum 
contribution of the cubed term occurs at the 93% point. Therefore it is reasonable to state 
that the maximum contribution of the higher order terms commences at approximately 
82% of the contact half width; the edge loading zone would occur in the remaining 18%.  
For this research the edge loading zone has been assumed to occur in the outer 16% of the 
contact half width (i.e. the average value of the two approaches).  Table 12 summarizes the 
steps for calculating wear debris limits for roller bearings.  Only steps 1 and 2 will be 
described in detail as the remaining steps are identical to those used for ball bearings. 
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Table 12: Summary of steps for roller bearing limit calculation. 
Step Activity 
1 Determine the edge loading zone.  
2 Determine the fundamental damage area. 
3 onwards As for Ball Bearings Steps 5 to 8 (Section 4.1) 
 
4.2.1.1.1 Step 1: Determine Edge Loading Zone 
 
Figure 60: Assumed edge loading zone for roller bearing 
 
Referring to Figure 60 the width of the edge loading zone is given by Equation 63. 
   lyELZ ×= 16.0  (63) 
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4.2.1.1.2 Step 2: Calculate Arc Length 
 
Referring to the projected area between adjacent rollers in Figure 61, the fundamental 
damage area is then calculated by multiplying the edge loading zone (excluding any 
chamfer) by the arc length (Equation 64). 
   
PELZFD SyA ×=  (64) 
 
 
Figure 61: Projected area between adjacent rollers showing fundamental damage area for edge 
loading condition. 
 
 
4.2.1.2 Worked Example: Roller Bearing  
 
In this example, the bearing used was a cylindrical roller bearing (part number NJ1006G1).  
This bearing was selected as it is designed to accept some axial load and was therefore 
thought suitable for the validation phase.  The assumed damage mode here was RCF due 
to edge loading as this produces the most conservative limit.  The physical and load 
characteristics of this bearing are shown in Table 13.  Appendix C contains the full 
SP
l
yELZ
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working of the limit calculation for this bearing.  Table 14 contains a summary of the 
calculated limits for this bearing. 
 
Table 13: Geometry and load characteristics for worked cylindrical roller bearing example. 
Parameter Value 
Number of rolling elements 16 
bore 30 mm 
Diameter of inner raceway 36.45 mm 
Roller radius  3 mm 
Roller length 6 mm 
Raceway material AISI 52100 
Ball material AISI 52100 
Modulus of Elasticity (AISI 52100) 210 GPa 
Poisson’s ratio 0.3 
Maximum radial load 9450 N (static) 
Max axial load 4000 N 
Pitch diameter (inner + ball radius) 42.93 
Bearing part number NTN NJ1006G1 
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Table 14: Summary of calculated limits for NJ1006G1 
Limit Description Value 
(Fe Counts) 
Limit increment (LI) 15 
ABNORMAL (3 x LI) 46 
WARNING (5 x LI) 77 
TERMINATE 93 
 
 
4.3 Spur Gear Limit 
The limit theory described above may also be applied to gears using a similar principle.  
Whilst this application of the theory has not been validated experimentally, the concept is 
included here as an indication of how the method might apply.  For this application the 
rectangular contact area of two meshing spur gears at the pitch line (Figure 62) must be 
determined and then translated into a number of particles in a similar way to that 
described for rolling element bearings.  
 
Figure 62: Gear tooth showing calculated damage area (repeated for 10% of pinion teeth for final 
limit). 
FW
2b
2b
+1
0% Pitch line
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The pitch line is significant here as it is the point at which no sliding occurs in involute 
gears (i.e. pure rolling occurs only) and it is also the region where the maximum dynamic 
load occurs (26).  The pitch line is the location where contact fatigue typically occurs (70, 
154) since the maximum shear stress occurs subsurface in the vicinity of the pitch line.  The 
contact area of two spur gears in mesh can be approximated as two cylinders in contact as 
described by Shigley (26).  The half-width (b) of the contact area of two cylinders can then 
be determined using Equation 65.  This equation can then be adapted to gears by 
substituting face width, tangential load and pitch radii as described by Dudley (155) and 
Shigley (26) resulting in Equation 66.   
   
𝑏 = �4𝐹𝑅𝐺′
𝜋𝜋 𝐸′  (65) 
 
   
𝑏 = � 4𝑊𝑡𝑅𝐺′
𝐹𝑤𝐸′πcos𝜙 (66) 
 
Where: 
   
𝑅𝐺
′ = � 1
𝑟𝑝𝑝 + 1𝑟𝑤𝑝 �−12 (67) 
 
 
In gear terminology, macro-pitting (70) is the term used to express contact fatigue damage 
of a tooth and is one of the most common failure modes for gears.  Macro pitting is also 
known as destructive pitting or simply pitting and results in significant liberation of debris 
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(156). The rectangular macro-pitting area for a spur gear is then determined by 
multiplying the gear tooth face width (F) by the contact area width (2b).  The damage is 
assumed not to stop abruptly at the calculated contact area and so an additional 10% 
margin is applied to the contact area width to account for this.  The limit is then 
determined in exactly the same way as for rolling element bearings except that the 
idealized particle shape is modified to be rectangular with an aspect ratio of 
approximately 3:1 as described by Hunter (137) and Roylance (89).   
 
Additionally, the damage will generally not be limited to a single tooth (23) (Figure 63) so 
a further assumption is made that 10% of the pinion teeth are damaged at the point where 
the gear is deemed to have no further life remaining (Equation 68).  Further work is 
required to determine a more precise measure of the extent of tooth damage. The quantity 
of debris calculated for a single gear tooth is then multiplied by the assumed contact ratio 
to generate a total debris count.  Appendix D contains a worked example for a simple 
mating spur gear set.   
   𝐵𝑀𝑀𝐺 = 1.1(2𝑏𝐹𝑊) (68) 
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Figure 63: Magnified view of aircraft sun gear showing macro-pitting spreading from the pitch line 
on multiple teeth to varying degrees. 
 
4.4 Experimental Validation 
 
In order to validate the proposed method, a series of accelerated bearing tests were 
conducted using a dedicated test rig.  An image of the rig appears in Figure 64 and a 
schematic is shown in Figure 65.  The rig applies pure axial load to a lubricated test 
bearing and includes a 9.5mm (0.375”) bore IWDS in the oil return line.  The lubricant used 
in this test rig was a synthetic polyol ester meeting military standard MIL-PRF-23699 and 
widely used in aviation machinery.  A 60 µm nylon filter patch was also fitted in the return 
line after the IWDS to capture all debris detected by the sensor.  Additionally, a fine filter 
(β5(c) = 1000, see Table 5) was installed in the lubricant supply line of the test rig to ensure 
metallic debris did not recirculate.  A strain gauge was used to determine the load applied 
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to the test bearing.  Oil samples were taken from a dedicated sampling point in the 
scavenge line so that SOA could be compared with the IWDS data. 
 
Figure 64: Bearing test rig used for validation testing 
 
 
Figure 65: Schematic of bearing test rig 
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Angular contact bearings (details in Table 15) were used in this trial since the test rig used 
provided pure axial load to the test bearing. Figure 66 shows the strain gauge calibration 
curve for the test rig and indicates the load range used compared to the rated maximum 
axial load of the test bearings. The load was applied using a large threaded load screw that 
contacts the outer race of the test bearing.  The axial load was reacted on the inner race that 
was in communication with larger double-row support bearings in a separate housing.    
Table 15: Test bearing specifications. 
Parameter Value 
Number of rolling elements 15 
Contact angle  15 degrees 
Bore 30 mm 
Diameter of outer raceway 50.19 mm 
Diameter of inner raceway 35.80 mm 
Inner race groove diameter 7.55 mm 
Raceway & Ball material AISI 52100 
Modulus of elasticity (AISI 52100) 210 GPa 
Poisson’s ratio 0.3 
Ball radius 3.57 mm 
Maximum radial load 9450 N (static) 
Maximum axial load 4000 N 
Pitch diameter  42.93 
Part Number NTN 7006UCGD2/GNP4 
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Figure 66: Strain gauge calibration curve. 
 
4.4.1 Test Bearings 
Each test bearing had a notch with dimensions 2mm x 250 μm x 100 μm electric discharge 
machined (EDM) into the inner raceway (Figure 67) as a localised stress raiser to ensure 
RCF initiated at only one location and within a reasonable timeframe. Figure 68 shows a 
SEM image of the end of the EDM notch; EDM is a more refined way of creating a stress 
raiser as it is less disruptive to the lubrication film compared to other crude mechanical 
methods.  The load used for the tests (in the 6 to 8 kN range) exceeded the maximum axial 
load rating for these bearings to further accelerate the failure.  A persistent 
instrumentation fault meant that accurate load information was only intermittently 
available, however the exact load was not considered a critical parameter for the tests. 
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Figure 67: Test bearing inner raceway showing EDM notch. 
 
 
Figure 68: Scanning Electron Microscope image of the EDM notch end. 
 
4.4.2 Results 
Wear debris data was collected using the software provided with the MetalSCAN™  IWDS 
used for this testing.  The data consisted of a cumulative count of ferromagnetic particles 
and the rate of particle generation for the duration of each test.  Once the cumulative 
particle count had reached the calculated Terminate limit, the rig was shut down and the 
EDM notch 
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bearing removed for inspection and measurement of the spalled area. Figures 69 to 74 
show the spalled area of the inner raceway for each of the test bearings.  Table 16 provides 
a comparison of the predicted spall area (22 mm2, see Appendix B) with the observed spall 
area for each bearing.  Table 17 contains a comparison of the target spall length with the 
observed spall length for each test bearing.  
 
Figure 69: Microscopic image of the spalled area of test bearing AC1 
 
 
AC1 
Area = 24.6µm2 
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Figure 70: Microscopic image of the spalled area of test bearing AC2 
 
 
Figure 71: Microscopic image of the spalled area of test bearing AC3 
 
AC3 
Area = 20.0µm2 
 
AC2 
Area = 48.9µm2 
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Figure 72: Microscopic image of the spalled area of test bearing AC4 
 
 
Figure 73: Microscopic image of the spalled area of test bearing AC5 
 
 
AC5 
Area = 23.2µm2 
 
AC4 
Area = 13.9µm2 
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Figure 74: Microscopic image of the spalled area of test bearing AC6 
 
 
Table 16: Summary of damage area results. 
 
Bearing 
Number 
Uncorrected 
Spall Area 
(mm2) 
Corrected 
Spall Area 
(mm2) 
% Error 
(Compared 
with Target 
Spall Area of 
22 mm2) 
Final IWDS 
Ferromagnetic 
Particle Count  
AC1 24.6 28.4 29% 332 
AC25 48.9 56.5 157% 371 
AC3 20.0 23.1 5% 309 
AC4 13.9 16.1 -27% 302 
AC5 23.2 26.8 22% 301 
AC6 24.8 28.7 30% 294 
 Average 
magnitude 
23% 
                                                     
5 See Discussion for explanation of this test. 
 
AC6 
Area = 24.8µm2 
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Table 17: Spall length comparison with predicted. 
 
Bearing 
Number 
Spall Length 
(mm) 
% Error  
Compared with the Expected 
Spall Length (Sp) 
AC1 6.6 -27% 
AC26 15.5 72% 
AC3 6 -33% 
AC4 4.6 -49% 
AC5 7.5 -17% 
AC6 7.5 -17% 
 
4.4.2.1 Actual Spall Area Calculation 
 
A digital microscope7 was used to take images of the spalls and determine the apparent 
spall area using a polygon fit (Figure 75).  As the spalled area occurred on a double-curved 
surface a correction factor was applied to the apparent area.  The distortion due to the 
inner race curvature was found to be negligible and was not corrected for, however the 
groove diameter produced a significant distortion (see Section 8.3).  
                                                     
6 See Discussion for explanation of this test. 
7 Dino Lite AD7013MT Premier digital microscope 
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Figure 75: Example of digital microscope image of the damaged are of AC4 showing polygon fit 
used to determine the apparent area. 
The groove correction factor was determined by assuming a nominal spall area combined 
with the geometry of the groove.  Figure 76 shows a sketch of the microscope aperture and 
the relevant geometric parameters.  The correction factor was determined by assuming the 
spall to be rectangular in shape, thus enabling a y-axis correction factor to be applied to 
the apparent area.  Table 18 contains the apparent and corrected spall areas for all of the 
test bearings.  
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Figure 76: Sketch showing how groove correction was determined. 
 
Referring to Figure 76, the factor was determined using Equations 69 to 72. 
 
   𝑆 = 𝑅𝑅 (69) 
 
   
𝑅 = sin−1 33.775 (70) 
 
   
𝑆 = 3.775 �sin−1 33.775� = 3.47𝑚𝑚 (71) 
 
 
The mapping correction factor between the apparent and actual spall width is therefore: 
 
   
𝐹𝑚𝑎 = 3.473 = 1.16 (72) 
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Table 18: Application of spall area correction factor. 
Bearing Apparent Area 
(mm2) 
Correction 
Factor 
Corrected Area 
(mm2) 
AC1 24.6 1.16 28.4 
AC2 48.9 1.16 56.5 
AC3 20.0 1.16 23.1 
AC4 13.9 1.16 16.1 
AC5 23.2 1.16 26.8 
AC6 24.8 1.16 28.7 
 
 
4.4.2.2 IWDS Data 
 
Figure 77 shows the cumulative ferromagnetic particle count results for each of the tests as 
well as the limits used. Figure 78 shows a comparison of the average particle size 
distribution at the conclusion of all tests, with the predicted particle size distribution.   
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Figure 77: IWDS results from bearing tests including limits 
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Figure 78: Comparison of predicted and observed particle size distribution. 
 
4.4.2.3 SOA 
 
Lubricant samples were taken periodically during each test and then sent to a commercial 
laboratory for SOA.  Table 19 contains a summary of SOA and IWDS results for all tests;  
SOA results for all elements are contained in Appendix E.     
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Table 19: Summary of SOA and IWDS results.  
Test 
Bearing 
Number 
Final 
Corrected 
Spall Area 
(mm2) 
Max. SOA Reading8 Over 
Entire Test 
Final IWDS 
Ferromagnetic 
Particle Count  Iron (Fe) 
ppm 
Phosphorous (P) 
ppm 
AC1 28.4 0  2292  332 
AC2 56.5 0  2437 371 
AC3 23.1 0  2813 309 
AC4 16.1 0  2928 302 
AC5 26.8 0  2874 301 
AC6 28.7 0  2857 294 
 
 
4.4.2.4 Cylindrical Roller Bearing 
 
A single roller bearing was included in the experimental validation phase and had axial 
load applied to it in the same manner as the angular contact bearings described above.  
When axial load is applied to roller bearings such as the NJ1006G1 type used here, a 
moment is produced that induces edge loading as can be seen in Figure 79.        
                                                     
8 ICP by NATA accredited oil analysis laboratory. 
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Figure 79: Sketch roller bearing showing how small axial loads can induce edge loading. 
Figure 80 shows the resulting spalled area from the single roller test bearing and clearly 
shows heat tinting of the steel associated with a secondary damage mode.  Figure 81 
shows a plot of ferromagnetic particles for this test. When this test was undertaken the 
limit methodology for roller bearings had not been fully refined and therefore the test 
substantially exceeded the calculated limit that appears in Appendix C.     
 
Figure 80: Resulting spall from the single roller bearing tested.   
Edge Loading 
Axial Loading No Loading 
EDM notch 
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Figure 81: Ferromagnetic counts for the single roller bearing tested. 
4.5 Health Indicator Metric 
4.5.1 Description 
There are several features of IWDS data that could be misinterpreted if a simple numerical 
limit were applied to cumulative count data.  Occasional short surges of particles at the 
commencement of operation or after maintenance activity could inadvertently trigger a 
cumulative count alarm if it were applied to the raw count data.  The operation of a 
complex machine over an extended period can also result in occasional particles that will 
be detrimental to a straight cumulative count limit.  Often the short term rate of particle 
generation is used as an alternative, however it too can be misleading with short 
succession particles producing high instantaneous rates. Unlike other forms of data, a 
healthy system will in theory generate no particles until a failure commences, however in 
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reality occasional particles are detected and therefore this element of the research aimed to 
find a robust metric that would reliably identify a failure event.   
 
A Helath Indicator (HI) metric is the top level indicator of significant damage and was 
developed to be used in conjunction with the calculated limit described above.  The 
concept is that the calculated cumulative limit would only be applied to the data when the 
HI has turned ON; in this context ON means the conditional logic has been met. The HI 
metric will only turn ON when the conditions for the three subordinate Condition Indices 
(CI) have all been met (i.e. are all ON).  One of the subordinate indices is based on a 20 
point rolling average and once the HI is ON, all counts from the most recent rolling 
average onwards will be retained to enable the vast majority of particles associated with 
significant damage to be counted. 
 
4.5.1.1 Condition Index 1: Rate of Rate 
Condition Index 1 (CI1) identifies the condition where the second derivative (rate of rate) 
of the cumulative count has been positive for the latest three data points.  If rate of rate has 
been positive for the last three rate of rate calculations then CI1 turns ON. This CI is 
illustrated in Figure 82 using a portion data from the experimental validation.  The intent 
of CI1 is to be able to discriminate between a benign condition such as residual overhaul 
debris where the rate of rate would be declining and a real fault where the rate of rate will 
tend to increase for substantial periods. 
 
 138 
 
 
Figure 82: Portion of AC5 data showing CI1 turning ON when there are three consecutive positive 
rate of rate calculations. 
 
4.5.1.2 Condition Index 2: Standard Deviation of Rolling Average 
Condition Index 2 (CI2) identifies the condition where the latest particle rate calculation 
lies outside two standard deviations of a 20 point rolling average (RA(20)).  The rolling 
average of particle generation rate is calculated from the latest 20 particles and is 
independent of time.  The standard deviation is then calculated for the same 20 data 
points.  If the latest data point lies outside two standard deviations, then CI2 is turned ON.  
The concept of CI2 is shown graphically in Figure 83. 
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Figure 83: Portion of AC6 data showing CI2 turning ON when the latest 20 point rolling average 
lies outside two standard deviations. 
 
4.5.1.3 Condition Index 3: Expanding Standard Deviation 
Condition Index 3 (CI3) identifies the condition where the standard deviation of the 
current 20 point rolling average is greater than the previous two (i.e. the standard 
deviation bandwidth is expanding).  When the latest three standard deviations are 
expanding then CI3 turns ON.  The application of CI3 is graphically shown in Figure 84. 
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Figure 84: Portion of AC6 data showing contracting standard deviation (CI3=OFF) and expanding 
standard deviation (CI3=ON) of the 20 point rolling average of Fe rate. 
 
4.5.2 Metric Validation 
4.5.2.1 Simple Machine 
The proposed metric described above was applied to data from one of the bearings (AC6) 
used to validate the methodology (Figure 85).  Whilst this was an accelerated test with 
RCF being initiated by a seeded fault, the metric clearly identified the point at which 
particle generation began to rise steeply.  Additionally it did not produce a false indication 
despite an initial surge of particles probably introduced to the lubrication system when the 
bearing was installed.  Appendix F contains the data that shows how the HI Metric 
performed over the entire test. 
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Figure 85: HI metric applied to data obtained from AC6 test bearing. 
 
4.5.2.2 Complex Machine – Helicopter Gearbox 
Additionally the metric was applied to data obtained from a previous full scale helicopter 
main rotor gearbox test conducted in the Helicopter Transmission Test Facility (HTTF) at 
the Defence Science and Technology Organisation in 2004.  This test was a non-seeded 
fault test with the damage being initiated and propagated by operating the gearbox in an 
overload condition. The gearbox used was from a Bell 206 helicopter that had been 
modified to incorporate a 19mm (0.75”) bore MetalSCAN™ sensor in the oil scavenge line 
(Figure 86).  This sensor was a larger version of the sensor used in the experimental 
validation of this research.   
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Figure 86: Bell 206 Gearbox in the DSTO HTTF showing the IWDS 
The test data is considered representative of how oil-wetted aircraft dynamic components 
commonly fail in service.  Figure 87 shows the significant RCF damage that occurred 
during this test to one of the four bearings used to support planet gears in the gearbox.  
Figure 88 shows the Fe Count, Fe Count Rate and Rolling Average (20 point) for the Bell 
206 Main Rotor Gearbox test.  The plot confirms that the proposed metric would have 
provided approximately 30 operating hours advance warning of the failure.  Additionally, 
the metric did not produce a false alarm during this test despite the initial surge of 
particles (likely foreign debris from overhaul or installation) in the initial few hours of 
operation.  Figure 89 is a magnified view of the data showing the point at which the HI 
turned ON and indicated significant damage. 
Inductive wear debris sensor 
Main Rotor Gearbox 
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Figure 87: Planet Gear Bearing from the Bell 206 Main Rotor Gearbox showing significant RCF. 
 
 
 
Figure 88: HI metric applied to Bell 206 main rotor gearbox data. 
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Figure 89: Magnified view of the helicopter gearbox IWDS data showing the point at which the HI 
metric indicates a fault. 
 
4.6 Application to Complex Machines 
The experimental validation demonstrated that the theory can be applied to a single 
isolated rolling element bearing in a dedicated test rig.  The natural extension of this is to 
apply the method to a complex machine.  A complex machine in this context means a 
machine with multiple shafts, different sized bearings and different types of bearings.  A 
further extension would also include gears however at this stage the methodology for 
gears has not been investigated.      
 
The complex machine used in this example is a gas turbine based on the T55 turbo shaft 
gas turbine (Figure 90).  This type of engine is commonly used for helicopter propulsion 
systems either as a single power plant or in combination with another identical engine.  
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The engine consists of two primary shafts supported by a total of 7 bearings.  Table 20 
contains the relevant details of all bearings in this engine.  The variable speed compressor 
shaft (shown in green) contains a multi-stage axial compressor, a centrifugal compressor 
and a two-stage turbine used to drive the compressor.  The constant speed power turbine 
shaft consists of a two-stage turbine driving an output shaft that would typically connect 
to a series of gearboxes before the final rotor output. The engine Full Authority Digital 
Engine Control (FADEC) maintains the constant output speed by controlling the fuel flow 
to the combustor with its subsequent impact on compressor shaft speed and power turbine 
shaft torque. This type of engine has a common lubrication system that is conducive to 
fitting an IWDS.  
 
 
Figure 90: Cross-section of turbo-shaft gas turbine used as an example of how the methodology 
might apply to complex machines. 
 
 
 
 
No. 1 & 2 Bearings No. 3 Bearing No. 4 Bearing
No. 5 Bearing
No. 6 & 7 Bearings
Compressor Shaft
Power Turbine Shaft
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Table 20: Bearing details for complex machine.  
Bearing 
Number 
Type Part 
number9 
 
Pitch  
diameter 
(mm) 
Number 
of 
elements 
Rolling 
element 
diameter 
(mm) 
Max. 
Radial 
Load 
(N) 
1 & 2 Duplex 
Deep 
groove ball 
9316WI 95 27 8.7 32700 
3 Deep 
groove ball 
9320WI 120 29 10.3 48800 
4 Deep 
groove ball 
9328WI 175 32 13.5 91600 
5 Cylindrical 
roller 
NU1028MA 175 18 15 263000 
6 & 7 Duplex 
Deep 
groove ball 
9320WI 120 29 10.3 48800 
 
 
As the details of the bearings used in the real gas turbine were not readily available, they 
were estimated from a commercial bearing catalogue based on the shaft diameter.  Where 
duplex bearings are employed, they are simply treated as two separate bearings with 
identical features.  Where the groove diameter (rby) is not readily available, it can be 
approximated as 1.1 times the rolling element radius.  Similarly, for roller bearings the 
chamfer length can be approximated as 0.05 times the roller length. 
 
 
                                                     
9 Obtained from Timken  
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The process described in Section 4.1.3 is repeated for all main bearings in the complex 
machine; the results for this gas turbine are summarised in Table 21 and Appendix G 
contains the full working for each bearing.  Having calculated the individual bearing 
limits, an overall system limit is then determined based on the reliability factor described 
in Section 4.1.6.  Where high reliability is required (i.e. Rrel=0.8), the limit could be based on 
the average minus one standard deviation or the minimum.  If the desired reliability is 
moderate (Rrel =1) then the average of the main drive train bearings could be taken as the 
overall system limit.  Finally, where the system reliability is low (i.e. Rrel=1.2) then the 
average plus 1 standard deviation is taken as the overall system limit.  This process can be 
applied to any complex machine by adding machine elements such as gears. 
Table 21: Calculated limits for each bearing in the complex machine using novel method. 
Bearing Number Terminate Limit  
(Fe Counts) 
1 & 2 584 (min.) 
3 824 
4 1451 
     5  10 1133 
6 & 7 824 
Average 889 
Standard Deviation 309 
Average – 1 Standard Deviation 580 
Average + 1 Standard Deviation 1198 
                                                     
10 Conservative estimate using edge loading as assumed damage mode. 
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5. Discussion 
The results of the experimental validation indicate that the proposed method can provide 
an estimate of spall area where an IWDS is employed in a lubrication system.  The primary 
advantage of the method described is that it provides a physically meaningful limit where 
an IWDS is employed. This method may also be of value where no historical data is 
available and a limit is required from the commencement of operation, for example where 
a machine is being commissioned.  Due to the nature of the sensor, long periods of 
operation may not in fact generate any significant data; if this data was then used for a 
statistical approach then the result would be an overly conservative limit that did not 
extract the maximum safe life from a machine. 
 
The results of the validation testing (Table 16) show that all test bearings (with the 
exception of test bearing AC2) had spalled areas within approximately 30% of the 
predicted damaged area (22 mm2 and 307 counts, see Appendix B). The average error 
magnitude between the predicted and observed damaged area was 23%.  The significant 
departure of AC2 is partially attributed to operational error of the test rig resulting in the 
spall progressing significantly past the Terminate limit.  Additionally, an inadvertent reset 
of the data occurred early in the test resulting in 77 ferromagnetic particles being deleted; 
the final total for AC2 would therefore have been 478 counts.  For the measured spall 
length on AC2, the method predicts an area of 38 mm2 and a total of 530 counts.  
 
The reason why the spall area for AC4 was substantially less than the predicted value is 
not entirely clear. Given the apparent early generation of particles for this bearing, it is 
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possible that metallic contamination particles were introduced during insertion of the 
bearing into the test rig.  These particles would then have artificially increased the particle 
count and resulted in the smaller than predicted spall area.     
 
As shown in Figure 78 the particle size distribution shows reasonable correlation with the 
average observed at the conclusion of all tests, however it underestimates particles less 
than 400 μm and overestimates particles above that.  The idealized elliptical particle shape 
could therefore be refined using a weighting factor or a combination of different idealized 
shapes, however the impact of this is thought to be minimal.  Where the method is 
extended to other dynamic components such as roller bearings and gears, the idealized 
particle shape may have more of an impact.  There is some evidence in the literature that 
wear debris produced by RCF in roller bearings and gears tends to be more closely aligned 
with a rectangular shape with an aspect ratio in the order of 1:3 (137); this would represent 
a significant increase in particle area, resulting in the Terminate limit being lower. 
 
The results in Table 17 show that with the exception of AC2 the predicted spall length was 
greater than the observed length of damage.  The length of damage was measured along 
the groove (i.e. in the x axis).  The discrepancy in spall length is primarily due to the 
transverse growth of the damage exceeding that predicted.  The predicted area is based on 
idealised RCF damage with square edges (Figure 50), however a real fatigue crack would 
not simply cease at such an edge.  Spall length may in fact be the most significant 
parameter and therefore a simplified method assuming a transverse growth based on 
maximum load could also provide a satisfactory predicted limit.  
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Whilst the IWDS data clearly showed the failures in progress (Figure 78), the SOA results 
did not indicate any concentration of iron (Fe) or any other element apart from phosphorus 
(P).  Iron (Fe) is typically the main element of interest for wear of machinery since bearings 
and gears are predominantly made of low alloy steels.  The test bearings used for this 
research were made of AISI 52100 steel (a common bearing steel).  Phosphorus (P) forms 
the basis of the load carrying additive known to be part of the additive package of the 
MIL-PRF-23699 lubricant (Table 19).   
 
SOA is one of the most common traditional techniques used for the analysis of used oil in 
commercial laboratories.  It produces results that indicate the concentration of each 
element present in the sample, however it has a maximum particle detection limit of about 
8 μm, consequently debris above this limit is not detected.  SOA becomes even less 
effective if fine filtration is used in a system as the filter traps debris that would otherwise 
be detected (125).  Whilst the reduction in effectiveness with fine filtration has been 
previously reported (94), what was unexpected was the complete absence of any 
concentration of iron (Fe) during these tests.  The oil samples were tested by an 
accredited11 commercial laboratory and great care was taken to obtain a representative 
sample from a dedicated sample port in the oil scavenge line immediately prior to the 
reservoir (Figures 64 and 65).     
 
The data indicates that using SOA on samples extracted from a system with fine filtration 
would not be effective at detecting abnormal wear, in particular the common failure mode 
                                                     
11 National Association of Testing Authorities (NATA) accredited. 
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of RCF.  The absence of any SOA indication is attributed primarily to the fine filtration 
applied to the system however it may also be that the RCF particles generated were 
beyond the limit of detection for SOA.  Whilst fine filtration has been shown to produce a 
significant benefit to machinery health (24, 43), it is also known to remove a significant 
amount of SOA-detectable particles from the oil (125, 126).   
 
Significantly, if the system filtration is not adequately considered then operators expecting 
to see an increase in iron (Fe) concentration for an abnormal wear condition may 
incorrectly conclude that the system is healthy.  This could result in incipient failures being 
missed.  The clear benefits of fine filtration reported in the literature in terms of on-going 
passive protection of dynamic load-bearing surfaces (e.g. gears and bearings) suggests that 
reverting to coarse filtration to enable SOA would be a retrograde step.  Instead, 
alternative detection methods such as IWDS would provide a more reliable detection 
method where installation is justified.  Whilst SOA has been shown to be ineffective in fine 
filtered systems, it typically forms only one part of an oil analysis program and other 
common tests (e.g. viscosity, acidity etc.) can still provide significant benefit independent 
of the level of system filtration. 
 
The application of the methodology to other components such as gears and roller bearings 
has been discussed however further experimental validation work is required.  Other less 
common machine elements such as cams may also have to be examined however the 
fundamental method is thought to still apply.  When the method is applied to roller 
bearings, edge loading resulting in RCF is the assumed damage mode as explained in 
Section 4.2. Originally a series of roller bearing validation tests were planned, however 
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only one bearing was tested due to experimental rig limitations and indications of 
secondary failure modes.  The high frictional heat and braking effect produced when all 
rollers were edge loaded simultaneously (Figure 79) did not accurately represent real edge 
loading due to misalignment and was also detrimental to the rig. Referring to Figure 80, 
RCF can be seen to have progressed at the site of the EDM notch and in the region where 
edge loading is expected, however heat tinting of the steel is also evident. The heat tint 
colour of the steel indicated the local temperature approached 300oC (157).   Further testing 
of roller bearings could be achieved using the same test rig however the applied load 
would need to be carefully monitored and may need to be lowered to the rated maximum 
to avoid secondary damage modes such as overheating.  Figure 81 shows the IWDS data 
from the single roller bearing test.  As previously discussed, the methodology for roller 
bearings had not been fully refined when this test was undertaken resulting in the refined 
Terminate limit being significantly exceeded.  Despite the issues encountered with this 
phase of the testing, the single roller bearing test indicates the methodology has some 
validity. 
 
Applying the Terminate limit a simple cumulative particle count in a real machine may 
result in spurious indications caused by the inadvertent detection of debris from other 
sources such as the ingress of environmental debris or the gradual generation of benign 
particles as the machine wears in.  A metric has been developed that indicates when a 
damage condition has initiated and then allows the calculated limit to be applied to the 
cumulative count. The HI metric is composed of three subordinate CIs that are based on 
the rate of particle generation.  Testing of this metric on both accelerated seeded fault test 
 153 
 
data from a single bearing and non-seeded fault test data from a complex machine 
indicated that the metric is robust.   
 
The application of the methodology to complex machines involving numerous bearings 
has been demonstrated.   A simple gas turbine comprising of seven main bearings of 
various dimensions and geometry were analysed using the methodology.  The final 
complex machine limit was then determined based on the desired system reliability (i.e. 
the reliability factor).  The same approach could also be used with a complex machine 
containing gears, cams or other load-bearing components.  Ideally a non-seeded fault test 
of several complex machines would be used for ultimate validation of the methodology 
applied to complex machines.   
  
5.1 A Discussion of Errors 
Three primary sources of error associated with the experimental validation phase have 
been identified.  None of the following errors are considered to significantly alter the 
outcome of the research. 
 
5.1.1 Instrumentation 
Intermittent strain gauge fluctuation was observed during all bearing tests.  The strain 
gauge array was employed to determine the axial load applied to the test bearings.  This 
was attributed to continuity issues between the strain gauge and the associated signal 
processing instrumentation.  Despite several attempts to rectify, this error persisted 
throughout the experimental stage.  Sufficient stable readings were obtained to provide 
confidence that the applied load was within the stated 6 to 8 kN range.  Additionally it 
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was observed that the temperature readings from thermocouples located on the bearing 
outer raceway and in the bearing housing provided secondary indication of load and 
responded to changes in load as expected.  The precise load applied in each test was not 
considered critical to the experimental phase.  Knowing that the load was significantly 
above the rated load for the bearing whilst at the same time not inducing a secondary 
failure mode was deemed sufficient.  Should the load have started to introduce a 
secondary failure mode then heat tinting of the bearing raceways would have been 
expected indicating a possible breakdown of the lubricant film and excessive heat 
generation; no heat tinting was observed on any of the angular contact ball bearings.  
 
5.1.2 Misdetection of Particles 
It was considered possible that during the liberation of debris from the test bearings (in the 
later stages of the failure) that particles could have passed through the sensor 
simultaneously and therefore may not have been detected accurately.  The highest rate of 
particle detection during all of the experimental validation tests was 610 Fe Counts/hour 
which equates to approximately 1 particle every 6 seconds.  Given that the sensor data is 
polled by the associated signal processing instrumentation every 100ms, it is considered 
unlikely any particles were missed. The polling interval is simply the interval between 
interrogations of the Sensor Control Module by the Control Module and is not the system 
particle detection limit.  The particle detection limit is not explicitly stated by the 
manufacturer and therefore the polling limit was used to provide some indication of the 
likelihood of missed particles.   
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5.1.3 Spall Area Measurement 
For the angular contact ball bearings tested, the spall was generated on a surface that had a 
double radius of curvature (i.e. the groove radius and the inner race radius).  When 
measuring the spall area a digital microscope was set perpendicular to the centre of the 
raceway and the spall area measured using a polygon fit function within the microscope 
software.  Whilst the groove curvature was corrected for, the distortion due to the inner 
race radius was assumed to be insignificant. An analysis was performed to determine 
whether this assumption was correct.  The error was determined by calculating the error 
per mm along both curved surfaces.  This value was then applied to the maximum length 
and width of a nominal spall area of 6mm x 10mm. This analysis results (Table 22) showed 
that for a nominal spall of area 6 mm x 10 mm (i.e. 60mm2), the groove radius dominates 
and the inner race error is insignificant.  Additionally the error due to the manual polygon 
fit was estimated as being +/- 100 µm for both length and width of the spall area (being 0.1 
of the graticule used in the image).  Assuming a rectangular spall area the area error is 
therefore +/- 10000 µm2.  For the smallest uncorrected spall area (13.9 mm2 for AC4) the 
total error due to the polygon fit was 0.07% and was considered to be negligible. 
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Table 22: Summary of simplified error test. 
Radius 
(mm) 
Apparent Length 
(mm) 
Actual Length 
(mm) 
% Error 
 
17.9  
(Inner Race) 
10  
(Nominal length of spall) 
10.1 1% 
3.775 12 
(Groove) 
6  
(Nominal width of spall) 
7.55 20.5% 
 
 
6. Conclusion 
The IWDS is unique in enabling the observation of incipient wear-related faults in real 
time.  Despite this there is virtually nothing in the literature that describes how to set a 
physically meaningful limit for systems that employ these sensors.  Additionally, 
traditional statistical approaches do not necessarily provide robust optimized limits due to 
the nature of the data.  For example, a healthy machine produces very few particles and a 
limit based on this data set would be skewed resulting in an ultra-conservative limit.  
 
A method for determining the limit applied to an IWDS has been described.  The limit is 
based on the number of particles liberated from a damaged area that can be modified 
depending on the consequence of failure. The method has been shown to provide a 
satisfactory estimate for a limit based on the testing of individual ball bearings.  However, 
further work is required to ensure the method can be refined and extended to complex 
                                                     
12 This error was included for comparison only.  The groove radius was corrected for in the 
determination of spall area. 
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machines with multiple bearings, shafts and gears.  Whilst the experimental results 
indicate that the method is valid, it also shows that further refinements may be justified, 
particularly in the area of transverse spall growth prediction. The calculations involved are 
readily incorporated into a spreadsheet and once validated, can be modified to ascertain a 
limit for any desired bearing.  Even if some of the input parameters are unknown and 
have to be estimated, this method can provide a meaningful starting point for the 
determination of an in-service limit.  The expansion of this methodology to other dynamic 
components such as roller bearings and gears has been demonstrated as has the 
application to complex machines.  Finally, a robust metric has been discussed that can be 
used in conjunction with the calculated limit to identify the early stages of a failure event 
and activate the calculated cumulative count limit.   
 
 
7. Future Work 
The logical further extension of this work is to validate the technique when applied to 
other types of rolling element bearings (e.g. cylindrical roller) and gears.  As previously 
stated, a single cylindrical roller bearing was tested that indicated the method has some 
validity, however a further series of tests is required for thorough validation.  Similarly, a 
validation program for spur gears is required before the complete methodology could be 
applied with confidence to complex machines.    
 
The HI metric has been shown to be a robust indicator of a real fault, however a sensitivity 
analysis should be conducted together with further application to real failure data.  This 
would determine what the impact of the key variables are such as the number of standard 
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deviations, the length of rolling average or the number of consecutive events that trigger 
the subordinate CIs.  A method for resuming the rolling average after the HI has turned 
ON may also be required.  It may be possible that when all three CIs turn OFF then the 
rolling average resumes.   
 
Finally, an area that has evaded the literature to date is a comprehensive assessment of 
particle size distribution for different failure modes.  Whilst some attempt has been made 
in the past, the practical difficulties of accurately detecting particles over a wide range (i.e. 
1 to 1000 µm) has limited any complete study.  The IWDS now enables particles from 
about 50 µm to be detected and hence it is possible that two complimentary techniques 
(e.g. IWDS combined with laser particle counting) could produce a full particle size 
distribution for the common failure modes.  RCF in particular is worthy of detailed 
investigation, not only because it is arguably the most common failure mode, but because 
the process of particle generation would seem to preclude very small particles. 
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Appendix A:  Wear Debris Aspect Ratio Determination 
Particle Measured 
Area 
 (μm2) 
Idealized 
Elliptical 
Shape Area 
(μm2) 
Length 
(μm) 
Width 
(μm) 
Aspect 
Ratio 
% Area 
Difference 
 
321843 262109 933 465 2.0 -19 
 
14101 11228 184 101 1.8 -20 
 
241613 184666 733 417 1.8 -24 
 
157238 115635 580 330 1.8 -26 
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231857 196855 756 431 1.8 -15 
 
114687 86567 501 286 1.8 -25 
 
281098 269911 876 510 1.7 -4 
 
208519 154323 637 401 1.6 -26 
 
204240 184404 689 443 1.6 -10 
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190335 170402 659 428 1.5 -10 
 
152944 124174 554 371 1.5 -19 
 
99970 70874 416 282 1.5 -29 
 
115128 97898 478 339 1.4 -15 
 
102089 91511 459 330 1.4 -10 
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169881 150110 586 424 1.4 -12 
 
140723 121655 515 391 1.3 -14 
 
287301 290582 795 605 1.3 1 
 
71348 63037 370 282 1.3 -12 
 
164586 160486 589 451 1.3 -2 
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379856 339510 840 669 1.3 -11 
 
503841 376086 878 709 1.2 -25 
 
63391 60621 346 290 1.2 -4 
 
336351 323458 792 676 1.2 -4 
 
290229 220532 653 559 1.2 -24 
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409323 407422 885 762 1.2 0 
 
101869 94750 416 377 1.1 -7 
 
359782 267357 698 634 1.1 -26 
 
34772 29587 231 212 1.1 -15 
 
134001 122951 470 433 1.1 -8 
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280140 299429 731 678 1.1 7 
 
61253 63727 337 313 1.1 4 
 
58309 64207 326 326 1.0 10 
 
102726 100077 407 407 1.0 -3 
 
26300 20232 183 183 1.0 -23 
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115682 95700 398 398 1.0 -17 
 
94741 94741 396 396 1.0 0 
 
138267 104050 415 415 1.0 -25 
 
74649 65792 330 330 1.0 -12 
 Average 1.3 -12 
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Appendix B:  Worked Example – Ball Bearing 
Find: IWDS wear debris limit for a ball bearing. 
 
Given: 
 
Parameter Value 
Number of rolling elements 15 
Contact angle  15 degrees 
Bore 30 mm 
Diameter of outer raceway 50.19 mm 
Diameter of inner raceway 35.80 mm 
Inner race groove diameter 7.55 mm 
Raceway & Ball material AISI 52100 
Modulus of elasticity (AISI 52100) 210 GPa 
Poisson’s ratio 0.3 
Ball radius 3.57 mm 
Maximum radial load 9450 N (static) 
Maximum axial load 4000 N 
Pitch diameter  42.93 
Part Number NTN 7006UCGD2/GNP4 
 
Solution: 
 
 
Parameter Units Value 
Contact ellipse 
calculation     
Force (axial) N 8000 
rax cm 0.357 
ray cm 0.357 
rbx cm -1.79 
rby cm -0.368 
Rx cm 0.446 
Ry cm 11.943 
R cm 0.430 
a   26.782 
k    8.110 
q   0.571 
e    1.021 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E'   2.31E+07 
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Dx cm 0.066 
Dy cm 0.535 
Ac cm2 0.028 
      
Spall Width 
Calculation     
t   1.006 
z cm 0.016 
(theta)/2 rad 0.304 
l cm 0.107 
delta y cm -0.321 
      
Arc calculation     
Number of elements   15 
di cm 3.58 
do cm 5.019 
DP cm 4.300 
phi rad 0.419 
SP cm 0.900 
      
Damage Area 
Calculation     
AFD cm2 0.22 
   Reliability Modification     
Desired reliability   Moderate 
RREL   1 
AMD'  cm2 0.220 
AMD (convert to 
microns2) microns2 22004242.3 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
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Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
   Final Limit Calculation     
Median particle - Bin1 microns 150 
Median particle - Bin2 microns 250.5 
Median particle - Bin3 microns 350.5 
Median particle - Bin4 microns 450.5 
Median particle - Bin5 microns 550.5 
Median particle - Bin6 microns 650.5 
Median particle - Bin7 microns 750.5 
Median particle - Bin8 microns 850.5 
Median particle - Bin9 microns 950.5 
Median particle - Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   161.874 
AEP  microns2 37910.716 
N2   58.042 
AEP  microns2 74220.277 
N3   29.647 
AEP  microns2 122612.887 
N4   17.946 
AEP  microns2 183088.546 
N5   12.018 
AEP  microns2 255647.253 
N6   8.607 
AEP  microns2 340289.009 
N7   6.466 
AEP  microns2 437013.814 
N8   5.035 
AEP  microns2 545821.667 
N9   4.031 
AEP  microns2 666712.569 
N10   3.300 
      
Area factor   0.1 
Np1   162 
Np2   58 
Np3   30 
Np4   18 
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Np5   12 
Np6   9 
Np7   6 
Np8   5 
Np9   4 
Np10   3 
Ntot   307 
   
   
 
Limit increment (LI) 51 
 
ABNORMAL (3 x LI) 153 
 
WARNING (5 x LI) 256 
 
TERMINATE 307 
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Appendix C:  Worked Example – Roller Bearing  
Find: IWDS wear debris limit for a roller bearing. 
 
Given: 
 
Parameter Value 
Number of rolling elements 16 
bore 30 mm 
Diameter of inner raceway 36.45 mm 
Roller radius  3 mm 
Roller length 6 mm 
Raceway material AISI 52100 
Ball material AISI 52100 
Modulus of Elasticity (AISI 52100) 210 GPa 
Poisson’s ratio 0.3 
Maximum radial load 9450 N (static) 
Max axial load 4000 N 
Pitch diameter (inner + ball radius) 42.93 
Bearing part number NTN NJ1006G1 
 
 
Solution: 
 
Parameter Units Value 
Contact Area 
Calculation     
Force (radial) N 9650 
Force (axial) N 4000 
r cm 0.3 
L cm 0.6 
Chamfer length cm 0.03 
yELZ cm 0.0798 
   Arc calculation     
Number of 
elements   16 
di cm 3.645 
do cm 4.845 
Pitch diameter cm 4.245 
phi rad 0.392699082 
Sp cm 0.833503801 
      
Damage Area 
Calculation     
AFD cm2 0.066513603 
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Reliability 
Modification     
Desired reliability   Moderate 
Rrel   1 
Amd cm2 0.066513603 
Amd microns2 6651360.331 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
      
Final Limit 
Calculation     
Median particle - 
Bin1 microns 150 
Median particle - 
Bin2 microns 250.5 
Median particle - 
Bin3 microns 350.5 
Median particle - 
Bin4 microns 450.5 
Median particle - 
Bin5 microns 550.5 
Median particle - 
Bin6 microns 650.5 
Median particle - 
Bin7 microns 750.5 
Median particle - 
Bin8 microns 850.5 
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Median particle - 
Bin9 microns 950.5 
Median particle - 
Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   48.931 
AEP  microns2 37910.716 
N2   17.545 
AEP  microns2 74220.277 
N3   8.962 
AEP  microns2 122612.887 
N4   5.425 
AEP  microns2 183088.546 
N5   3.633 
AEP  microns2 255647.253 
N6   2.602 
AEP  microns2 340289.009 
N7   1.955 
AEP  microns2 437013.814 
N8   1.522 
AEP  microns2 545821.667 
N9   1.219 
AEP  microns2 666712.569 
N10   0.998 
      
Area factor   0.1 
Np1   49 
Np2   18 
Np3   9 
Np4   5 
Np5   4 
Np6   3 
Np7   2 
Np8   2 
Np9   1 
Np10   1 
Ntot   93 
   
   
 
Limit increment (LI) 15 
 
ABNORMAL (3 x LI) 46 
 
WARNING (5 x LI) 77 
 
TERMINATE 93 
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Appendix D:  Worked Example – Spur Gear 
Find: IWDS wear debris limit for a spur gear set 
 
Given: 
 
Parameter Value 
Pinion Gear 
Teeth 27 49 
Pitch radius 33 mm 60 mm 
Module 2.44 
Contact ratio 2 
Material specification AISI 9310 
Modulus of elasticity 210 GPa 
Poisson’s ratio 0.3 
Contact face width 10mm 
Max gearbox torque 145 Nm (1283 in-lb) 
Make SEW Eurodrive RX81 (modified for spur gears) 
 
Solution: 
 
Parameter Units Value 
Contact Area 
Calculation     
Number of pinion 
teeth   27 
Max Torque Nm 145 
WT N 4393.9 
rp cm 3.3 
rw cm 6.2 
R' cm 2.154 
F cm 0.1 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E' N/cm2 2.31E+07 
b cm 0.074540318 
2b cm 0.149080637 
110% of 2b cm 0.1639887 
mG   2 
      
Damage Area 
Calculation     
AFD cm2 0.03279774 
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Reliability 
Modification     
Desired reliability   Moderate 
Rrel   1 
Amd cm2 0.03279774 
Amd microns2 3279774.007 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
      
Final Limit 
Calculation     
Median particle - 
Bin1 microns 150 
Median particle - 
Bin2 microns 250.5 
Median particle - 
Bin3 microns 350.5 
Median particle - 
Bin4 microns 450.5 
Median particle - 
Bin5 microns 550.5 
Median particle - 
Bin6 microns 650.5 
Median particle - 
Bin7 microns 750.5 
Median particle - 
Bin8 microns 850.5 
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Median particle - 
Bin9 microns 950.5 
Median particle - 
Bin10 microns 1050.5 
      
Elliptical ratio   3 
ARP  microns2 7500.000 
N1   43.730 
AEP  microns2 20916.750 
N2   15.680 
AEP  microns2 40950.083 
N3   8.009 
AEP  microns2 67650.083 
N4   4.848 
AEP  microns2 101016.750 
N5   3.247 
AEP  microns2 141050.083 
N6   2.325 
AEP  microns2 187750.083 
N7   1.747 
AEP  microns2 241116.750 
N8   1.360 
AEP  microns2 301150.083 
N9   1.089 
AEP  microns2 367850.083 
N10   0.892 
      
Area factor   0.1 
Np1   44 
Np2   16 
Np3   8 
Np4   5 
Np5   3 
Np6   2 
Np7   2 
Np8   1 
Np9   1 
Np10   1 
Ntot   83 
   10% of pinion teeth 
 
2.7 
   
 
Limit increment (LI) 37 
 
ABNORMAL (3 x LI) 112 
 
WARNING (5 x LI) 187 
 
TERMINATE 224 
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Appendix E:  Experimental Spectrometric Oil Analysis 
Results 
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Appendix F:  Health Indicator Metric Validation Data 
F.1. AC6 Data 
Hours Fe 
Counts 
Fe Count 
Rate 
RA(20) 
Rate 
2xSD Rate CI1 CI2 CI3 HI 
0 0 0 No RA No RA OFF OFF OFF OFF 
0.005 1 2 No RA No RA OFF ON OFF OFF 
0.006 2 4 No RA No RA OFF ON OFF OFF 
0.007 3 5 No RA No RA ON ON OFF OFF 
0.007 6 11 No RA No RA ON ON OFF OFF 
0.008 9 16 No RA No RA ON ON OFF OFF 
0.008 10 18 No RA No RA ON ON OFF OFF 
0.009 14 25 No RA No RA ON ON OFF OFF 
0.009 16 28 No RA No RA ON ON OFF OFF 
0.01 17 30 No RA No RA ON ON OFF OFF 
0.011 19 33 No RA No RA ON ON OFF OFF 
0.013 20 35 No RA No RA ON ON OFF OFF 
0.014 21 37 No RA No RA ON ON OFF OFF 
0.015 23 40 No RA No RA ON ON OFF OFF 
0.016 24 42 No RA No RA ON ON OFF OFF 
0.018 25 44 No RA No RA ON ON OFF OFF 
0.019 26 46 No RA No RA ON ON OFF OFF 
0.034 27 47 No RA No RA ON ON OFF OFF 
0.082 0 0 24.37 57.07 OFF OFF OFF OFF 
0.294 1 2 23.25 56.58 OFF OFF ON OFF 
0.685 2 4 23.45 56.27 OFF OFF OFF OFF 
1.196 3 2 23.45 56.27 OFF OFF OFF OFF 
1.379 4 4 23.45 56.27 OFF OFF OFF OFF 
1.946 4 1 23.25 56.56 OFF OFF OFF OFF 
1.947 5 2 23.16 57.35 OFF OFF ON OFF 
1.947 7 5 22.47 57.43 OFF OFF ON OFF 
1.948 8 7 21.53 57.07 ON OFF ON OFF 
1.949 9 9 20.53 56.46 ON OFF ON OFF 
1.951 12 14 19.68 55.58 ON OFF OFF OFF 
1.951 13 16 18.79 54.44 ON OFF OFF OFF 
1.952 15 19 17.95 53.06 ON OFF OFF OFF 
1.957 16 21 17.11 51.44 ON OFF OFF OFF 
1.957 17 23 16.21 49.54 ON OFF OFF OFF 
1.959 18 25 15.32 47.22 ON OFF OFF OFF 
2.063 19 26 14.37 44.44 ON OFF OFF OFF 
2.101 20 28 13.42 41.22 ON OFF OFF OFF 
2.151 21 30 12.53 37.49 ON OFF OFF OFF 
2.203 22 32 14.21 35.88 ON OFF OFF OFF 
2.584 23 11 14.68 35.49 OFF OFF OFF OFF 
6.452 24 2 14.58 35.39 OFF OFF OFF OFF 
6.453 25 4 14.68 35.49 OFF OFF OFF OFF 
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6.984 26 2 14.58 35.39 OFF OFF OFF OFF 
8.415 26 0 14.53 35.79 OFF OFF OFF OFF 
8.433 26 0 13.80 35.19 OFF OFF ON OFF 
8.441 26 0 13.70 35.32 OFF OFF ON OFF 
8.445 27 2 13.89 35.80 OFF OFF ON OFF 
8.446 28 4 13.63 35.75 OFF OFF ON OFF 
8.448 29 5 13.16 35.51 ON OFF ON OFF 
8.764 30 7 12.68 35.19 ON OFF ON OFF 
9.029 31 4 11.89 34.67 OFF OFF ON OFF 
10.71 32 2 10.89 33.87 OFF OFF ON OFF 
11.14 33 4 9.89 32.64 OFF OFF OFF OFF 
11.14 34 5 8.84 30.96 OFF OFF OFF OFF 
12.41 35 2 7.58 28.76 OFF OFF OFF OFF 
12.75 36 4 6.32 25.98 OFF OFF OFF OFF 
12.82 37 5 5.00 22.25 OFF OFF OFF OFF 
12.84 38 7 3.68 17.08 ON OFF OFF OFF 
12.85 39 9 3.58 9.29 ON OFF OFF OFF 
12.86 40 11 4.05 9.76 ON ON OFF OFF 
12.88 41 12 4.47 11.09 ON ON OFF OFF 
12.89 42 14 5.11 12.91 ON ON ON ON 
12.89 43 16 5.95 14.99 ON ON ON ON 
12.9 44 18 6.89 17.02 ON ON ON ON 
12.9 45 19 7.89 18.91 ON ON ON ON 
12.9 46 21 8.55 20.47 ON ON ON ON 
12.9 48 25 9.70 23.21 ON ON ON ON 
12.9 50 28 10.90 26.30 ON ON ON ON 
12.9 52 32 12.25 29.91 ON ON ON ON 
12.9 53 33 13.55 33.19 ON OFF ON OFF 
12.91 54 35 15.10 36.31 ON OFF ON OFF 
12.91 57 40 17.00 39.92 ON ON ON ON 
12.91 59 44 19.00 43.92 ON ON ON ON 
12.91 62 49 21.20 48.45 ON ON ON ON 
12.91 64 53 23.75 52.82 ON ON ON ON 
12.91 65 54 26.25 56.67 ON OFF ON OFF 
12.91 67 58 28.90 60.65 ON OFF ON OFF 
12.91 69 61 31.60 64.61 ON OFF ON OFF 
12.91 70 63 34.30 68.29 ON OFF ON OFF 
12.91 74 69 37.20 72.61 ON OFF ON OFF 
12.92 76 72 40.20 76.71 ON OFF ON OFF 
12.92 80 79 43.45 81.59 ON OFF ON OFF 
12.93 82 83 46.80 86.45 ON OFF ON OFF 
12.93 85 88 50.30 91.49 ON OFF ON OFF 
12.93 86 90 53.85 95.87 ON OFF ON OFF 
12.93 88 93 57.45 99.93 ON OFF ON OFF 
12.93 90 97 61.05 104.11 ON OFF ON OFF 
12.93 91 98 64.55 107.68 ON OFF ON OFF 
12.93 94 104 68.15 111.83 ON OFF ON OFF 
12.93 95 105 71.75 115.11 ON OFF OFF OFF 
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12.93 97 109 75.45 118.26 ON OFF OFF OFF 
12.94 98 111 79.00 121.24 ON OFF OFF OFF 
12.94 100 114 82.50 124.15 ON OFF OFF OFF 
12.94 101 116 85.85 126.96 ON OFF OFF OFF 
12.94 102 118 89.10 129.58 ON OFF OFF OFF 
12.94 104 121 92.45 131.83 ON OFF OFF OFF 
12.94 108 128 95.95 134.90 ON OFF OFF OFF 
12.94 110 132 99.50 138.00 ON OFF OFF OFF 
12.94 113 137 103.20 141.18 ON OFF OFF OFF 
12.94 114 139 106.70 144.33 ON OFF OFF OFF 
12.94 117 144 110.30 147.74 ON OFF OFF OFF 
12.95 121 151 113.90 152.44 ON OFF OFF OFF 
12.95 123 154 117.45 157.02 ON OFF ON OFF 
12.95 126 160 121.05 162.31 ON OFF ON OFF 
12.95 127 161 124.60 166.77 ON OFF ON OFF 
12.95 129 165 128.20 171.25 ON OFF ON OFF 
12.95 131 168 131.75 175.62 ON OFF ON OFF 
12.95 135 175 135.60 180.45 ON OFF ON OFF 
12.95 137 179 139.35 185.53 ON OFF ON OFF 
12.95 139 182 143.20 190.12 ON OFF ON OFF 
12.96 142 188 147.15 195.17 ON OFF ON OFF 
12.97 144 191 151.15 199.78 ON OFF ON OFF 
12.97 145 193 155.10 203.86 ON OFF ON OFF 
12.97 147 196 159.10 207.49 ON OFF OFF OFF 
12.97 149 200 163.20 210.86 ON OFF OFF OFF 
12.97 151 203 167.30 213.83 ON OFF OFF OFF 
12.97 153 207 171.25 217.17 ON OFF OFF OFF 
12.97 156 212 175.25 220.73 ON OFF OFF OFF 
12.98 158 216 179.20 224.43 ON OFF OFF OFF 
12.98 164 226 183.55 229.21 ON OFF OFF OFF 
12.98 166 230 187.85 234.00 ON OFF ON OFF 
12.98 169 235 192.05 239.30 ON OFF ON OFF 
12.98 174 244 196.55 245.55 ON OFF ON OFF 
12.98 176 247 200.90 251.57 ON OFF ON OFF 
12.98 178 251 205.40 257.07 ON OFF ON OFF 
12.98 180 254 209.85 262.17 ON OFF ON OFF 
12.98 183 259 214.40 267.19 ON OFF ON OFF 
12.98 188 268 219.05 273.50 ON OFF ON OFF 
12.99 190 272 223.70 279.54 ON OFF ON OFF 
12.99 193 277 228.45 285.44 ON OFF ON OFF 
12.99 196 282 233.15 291.51 ON OFF ON OFF 
12.99 202 293 238.25 298.77 ON OFF ON OFF 
12.99 205 298 243.50 305.61 ON OFF ON OFF 
12.99 208 303 248.85 312.09 ON OFF ON OFF 
12.99 214 314 254.55 319.68 ON OFF ON OFF 
12.99 217 319 260.35 326.73 ON OFF ON OFF 
12.99 220 324 266.20 333.36 ON OFF ON OFF 
13 227 336 272.40 341.27 ON OFF ON OFF 
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13 230 342 278.70 348.82 ON OFF ON OFF 
13 235 350 284.90 357.18 ON OFF ON OFF 
13 238 356 291.20 365.19 ON OFF ON OFF 
13 242 363 297.60 373.16 ON OFF ON OFF 
13 244 366 303.70 380.65 ON OFF ON OFF 
13 249 375 310.10 388.41 ON OFF ON OFF 
13.01 251 378 316.45 395.15 ON OFF ON OFF 
13.01 255 385 323.00 401.63 ON OFF OFF OFF 
13.01 258 391 329.60 407.79 ON OFF OFF OFF 
13.01 262 398 336.10 414.34 ON OFF OFF OFF 
13.01 266 405 342.75 420.68 ON OFF OFF OFF 
13.01 275 420 349.90 428.62 ON OFF OFF OFF 
13.02 278 426 357.10 436.00 ON OFF ON OFF 
13.02 281 431 364.00 443.41 ON OFF ON OFF 
13.03 284 436 370.90 450.15 ON OFF OFF OFF 
13.03 288 443 377.90 456.66 ON OFF OFF OFF 
13.03 289 445 384.45 462.65 ON OFF OFF OFF 
 
 
F.2. Complex Machine Data 
Hours Fe 
Counts 
Fe Count 
Rate 
RA(20) Rate 2xSD 
Rate 
CI1 CI2 CI3 HI 
2.77 17.00 14.00 5.80 15.69 ON OFF   OFF 
2.88 18.00 16.00 6.30 17.14 ON OFF   OFF 
2.92 19.00 12.00 6.35 17.29 OFF OFF ON OFF 
2.95 20.00 13.00 6.40 17.45 OFF OFF ON OFF 
2.99 21.00 15.00 7.15 18.35 OFF OFF ON OFF 
3.00 22.00 17.00 8.00 19.90 ON OFF ON OFF 
3.07 23.00 19.00 8.90 21.61 ON OFF ON OFF 
3.08 24.00 20.00 9.95 23.36 ON OFF ON OFF 
3.09 25.00 21.00 9.95 23.70 ON OFF ON OFF 
3.12 20.00 0.00 10.05 23.80 OFF OFF OFF OFF 
3.15 21.00 2.00 10.15 23.63 OFF OFF OFF OFF 
3.20 22.00 4.00 10.40 23.67 OFF OFF OFF OFF 
3.23 23.00 5.00 10.65 23.32 ON OFF OFF OFF 
3.30 24.00 7.00 10.90 23.09 ON OFF OFF OFF 
3.44 25.00 9.00 11.20 23.03 ON OFF OFF OFF 
3.54 26.00 11.00 11.45 22.97 ON OFF OFF OFF 
3.54 27.00 12.00 11.70 23.06 ON OFF OFF OFF 
3.55 28.00 14.00 11.95 23.30 ON OFF OFF OFF 
3.56 29.00 16.00 12.25 23.75 ON OFF OFF OFF 
3.57 30.00 18.00 12.45 24.25 ON OFF ON OFF 
3.66 31.00 18.00 12.50 24.54 OFF OFF ON OFF 
3.78 32.00 17.00 12.65 24.76 OFF OFF ON OFF 
4.02 33.00 15.00 12.65 24.80 OFF OFF ON OFF 
4.06 34.00 13.00 12.40 24.55 OFF OFF OFF OFF 
4.12 35.00 10.00 12.10 24.26 OFF OFF OFF OFF 
 
 
191 
 
4.26 36.00 11.00 11.70 23.68 OFF OFF OFF OFF 
4.39 37.00 11.00 10.70 22.26 OFF OFF OFF OFF 
5.41 37.00 0.00 9.75 21.72 OFF OFF OFF OFF 
5.46 38.00 2.00 9.95 21.51 OFF OFF OFF OFF 
5.46 39.00 4.00 10.10 21.10 OFF OFF OFF OFF 
5.53 40.00 5.00 10.25 20.89 ON OFF OFF OFF 
5.57 41.00 7.00 10.45 20.82 ON OFF OFF OFF 
5.80 42.00 9.00 10.65 20.76 ON OFF OFF OFF 
5.80 43.00 11.00 10.80 20.79 ON OFF OFF OFF 
5.84 44.00 12.00 10.45 20.42 ON OFF OFF OFF 
7.20 46.00 4.00 10.10 20.50 OFF OFF OFF OFF 
7.31 47.00 5.00 9.50 20.14 OFF OFF ON OFF 
9.17 48.00 2.00 9.15 20.19 OFF OFF ON OFF 
9.24 53.00 9.00 8.40 19.03 OFF OFF OFF OFF 
9.83 54.00 3.00 7.75 17.88 OFF OFF OFF OFF 
10.08 55.00 5.00 6.90 16.11 OFF OFF OFF OFF 
12.78 55.00 0.00 6.25 15.01 OFF OFF OFF OFF 
12.82 56.00 2.00 5.70 13.87 OFF OFF OFF OFF 
14.56 57.00 2.00 5.40 13.15 OFF OFF OFF OFF 
15.75 59.00 4.00 5.10 12.62 OFF OFF OFF OFF 
15.75 60.00 5.00 4.60 11.67 OFF OFF OFF OFF 
16.32 60.00 1.00 4.70 11.43 OFF OFF OFF OFF 
16.38 61.00 2.00 4.80 11.31 OFF OFF OFF OFF 
16.52 62.00 4.00 4.70 11.11 OFF OFF OFF OFF 
17.80 63.00 2.00 4.55 11.06 OFF OFF OFF OFF 
19.79 64.00 2.00 4.30 10.92 OFF OFF ON OFF 
19.98 64.00 2.00 3.95 10.56 OFF OFF OFF OFF 
20.02 65.00 2.00 3.60 9.91 OFF OFF OFF OFF 
20.03 66.00 4.00 3.35 8.77 OFF OFF OFF OFF 
20.05 68.00 7.00 3.35 7.51 OFF OFF OFF OFF 
21.42 70.00 4.00 3.70 7.86 OFF OFF OFF OFF 
21.43 75.00 12.00 4.30 9.89 OFF ON OFF OFF 
21.60 76.00 14.00 3.95 11.05 OFF ON ON OFF 
22.98 77.00 2.00 3.80 10.63 OFF OFF OFF OFF 
23.52 77.00 0.00 3.65 10.68 OFF OFF OFF OFF 
24.88 78.00 2.00 3.90 10.95 OFF OFF ON OFF 
24.88 80.00 5.00 3.80 10.67 OFF OFF OFF OFF 
26.16 80.00 0.00 3.90 10.93 OFF OFF OFF OFF 
28.05 82.00 4.00 3.95 10.93 OFF OFF OFF OFF 
28.05 83.00 5.00 3.70 10.70 OFF OFF OFF OFF 
28.20 83.00 0.00 3.75 10.94 OFF OFF ON OFF 
28.56 84.00 2.00 3.75 10.87 OFF OFF OFF OFF 
29.20 85.00 2.00 3.55 10.67 OFF OFF OFF OFF 
29.73 85.00 0.00 3.55 10.86 OFF OFF OFF OFF 
29.76 86.00 2.00 3.65 10.96 OFF OFF OFF OFF 
29.85 87.00 4.00 3.65 10.92 OFF OFF OFF OFF 
29.88 88.00 2.00 3.65 10.92 OFF OFF OFF OFF 
31.28 89.00 2.00 3.65 10.92 OFF OFF OFF OFF 
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31.69 90.00 4.00 3.30 10.57 OFF OFF OFF OFF 
33.50 90.00 0.00 3.20 10.47 OFF OFF OFF OFF 
33.63 91.00 2.00 2.80 10.08 OFF OFF OFF OFF 
33.64 92.00 4.00 2.35 8.44 OFF OFF OFF OFF 
33.64 93.00 5.00 2.50 5.98 ON OFF OFF OFF 
34.06 93.00 5.00 2.50 6.16 OFF OFF OFF OFF 
35.83 93.00 0.00 2.60 6.26 OFF OFF OFF OFF 
35.90 95.00 4.00 2.55 6.26 OFF OFF OFF OFF 
36.30 95.00 4.00 2.65 6.25 OFF OFF OFF OFF 
36.49 96.00 2.00 2.65 6.07 OFF OFF OFF OFF 
36.49 97.00 4.00 2.65 6.07 OFF OFF OFF OFF 
36.51 98.00 5.00 2.75 6.17 OFF OFF OFF OFF 
37.71 99.00 2.00 2.90 6.12 OFF OFF OFF OFF 
38.71 102.00 5.00 3.15 6.49 OFF OFF OFF OFF 
38.89 103.00 7.00 3.30 7.06 OFF OFF ON OFF 
39.23 103.00 3.00 3.30 6.77 OFF OFF OFF OFF 
39.50 104.00 2.00 3.30 6.77 OFF OFF OFF OFF 
39.64 105.00 4.00 3.30 6.77 OFF OFF OFF OFF 
41.98 106.00 2.00 3.30 6.77 OFF OFF OFF OFF 
42.23 106.00 2.00 3.30 6.77 OFF OFF OFF OFF 
42.38 108.00 4.00 3.55 7.02 OFF OFF OFF OFF 
42.70 109.00 5.00 3.55 6.74 OFF OFF OFF OFF 
44.71 110.00 2.00 3.55 6.74 OFF OFF OFF OFF 
44.71 111.00 4.00 3.35 6.54 OFF OFF OFF OFF 
45.63 111.00 1.00 3.30 6.60 OFF OFF OFF OFF 
45.75 113.00 4.00 3.65 6.88 OFF OFF OFF OFF 
45.79 115.00 7.00 3.55 6.79 OFF ON OFF OFF 
47.29 116.00 2.00 3.35 6.67 OFF OFF ON OFF 
48.61 116.00 0.00 3.45 7.10 OFF OFF ON OFF 
48.76 118.00 4.00 3.35 6.95 OFF OFF OFF OFF 
49.93 119.00 2.00 3.30 6.95 OFF OFF OFF OFF 
50.20 120.00 4.00 3.40 6.98 OFF OFF OFF OFF 
50.66 121.00 4.00 3.35 6.89 OFF OFF OFF OFF 
50.89 122.00 4.00 3.20 6.68 OFF OFF OFF OFF 
51.34 123.00 4.00 3.25 6.32 OFF OFF OFF OFF 
51.81 124.00 4.00 3.35 6.44 OFF OFF OFF OFF 
51.98 125.00 4.00 3.35 6.40 OFF OFF OFF OFF 
52.16 125.00 4.00 3.35 6.40 OFF OFF OFF OFF 
52.34 126.00 2.00 3.45 6.50 OFF OFF OFF OFF 
52.52 127.00 4.00 3.50 6.50 OFF OFF OFF OFF 
52.77 128.00 5.00 3.60 6.67 OFF OFF OFF OFF 
52.88 130.00 7.00 3.90 7.27 ON OFF ON OFF 
53.04 131.00 8.00 4.35 8.14 ON OFF ON OFF 
53.10 134.00 13.00 5.05 10.54 ON ON ON ON 
53.10 135.00 15.00 5.75 12.72 ON ON ON ON 
53.10 137.00 18.00 6.50 15.44 ON ON ON ON 
53.10 139.00 22.00 7.65 19.06 ON ON ON ON 
53.11 141.00 25.00 9.10 22.86 ON ON ON ON 
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53.16 143.00 29.00 10.35 26.49 ON ON ON ON 
53.34 144.00 29.00 11.70 29.81 OFF OFF ON OFF 
53.41 146.00 29.00 13.15 32.55 OFF OFF ON OFF 
53.51 148.00 33.00 13.75 34.89 OFF OFF ON OFF 
53.67 150.00 16.00 14.45 35.19 OFF OFF OFF OFF 
53.73 151.00 18.00 15.30 35.62 OFF OFF OFF OFF 
53.78 153.00 21.00 16.25 36.17 OFF OFF OFF OFF 
53.84 155.00 23.00 16.30 35.78 ON OFF OFF OFF 
54.35 156.00 5.00 16.35 35.71 OFF OFF OFF OFF 
54.52 157.00 5.00 16.70 35.94 OFF OFF OFF OFF 
54.59 159.00 9.00 17.15 35.57 OFF OFF OFF OFF 
54.75 162.00 13.00 17.60 35.18 OFF OFF OFF OFF 
54.87 164.00 14.00 18.15 34.90 ON OFF OFF OFF 
54.91 166.00 18.00 19.00 35.03 ON OFF OFF OFF 
54.92 170.00 25.00 19.75 35.33 ON OFF OFF OFF 
54.92 172.00 28.00 20.60 36.40 ON OFF OFF OFF 
54.97 174.00 32.00 21.45 37.95 ON OFF ON OFF 
55.00 176.00 35.00 22.20 39.79 ON OFF ON OFF 
55.04 178.00 37.00 22.90 41.75 ON OFF ON OFF 
55.06 179.00 39.00 23.60 43.81 ON OFF ON OFF 
55.07 181.00 43.00 24.45 46.35 ON OFF ON OFF 
55.08 183.00 46.00 25.75 49.65 ON OFF ON OFF 
55.08 188.00 55.00 27.10 54.43 ON ON ON ON 
55.08 191.00 60.00 29.50 60.55 ON OFF ON OFF 
55.08 193.00 64.00 31.95 66.43 ON OFF ON OFF 
55.09 195.00 67.00 34.30 71.97 ON OFF ON OFF 
55.16 197.00 68.00 36.70 77.11 ON OFF ON OFF 
55.16 199.00 71.00 40.10 83.16 ON OFF ON OFF 
55.17 200.00 73.00 43.65 86.90 ON OFF ON OFF 
55.22 202.00 76.00 47.05 89.84 ON OFF OFF OFF 
55.26 205.00 77.00 50.50 92.54 ON OFF OFF OFF 
55.27 208.00 82.00 54.20 95.82 ON OFF OFF OFF 
55.34 211.00 88.00 57.80 98.94 ON OFF OFF OFF 
55.37 214.00 90.00 61.10 101.53 ON OFF OFF OFF 
55.37 215.00 91.00 63.45 103.40 ON OFF OFF OFF 
55.58 216.00 75.00 62.20 99.53 OFF OFF OFF OFF 
55.65 220.00 7.00 61.05 103.79 OFF OFF OFF OFF 
55.65 223.00 12.00 59.90 106.57 OFF OFF ON OFF 
55.65 224.00 14.00 58.85 108.85 OFF OFF ON OFF 
55.69 226.00 18.00 57.75 110.28 ON OFF ON OFF 
55.69 228.00 21.00 56.75 111.43 ON OFF ON OFF 
55.71 231.00 26.00 55.60 111.82 ON OFF ON OFF 
55.80 234.00 32.00 54.55 111.79 ON OFF ON OFF 
55.80 238.00 39.00 53.55 111.20 ON OFF ON OFF 
55.80 241.00 44.00 52.65 110.31 ON OFF ON OFF 
55.80 244.00 49.00 51.95 109.30 ON OFF OFF OFF 
55.80 247.00 54.00 51.40 108.32 ON OFF OFF OFF 
55.84 250.00 60.00 51.00 107.39 ON OFF OFF OFF 
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55.89 253.00 65.00 50.70 106.58 ON OFF OFF OFF 
55.92 256.00 70.00 50.80 106.20 ON OFF OFF OFF 
56.03 261.00 79.00 50.90 106.50 ON OFF OFF OFF 
56.11 264.00 84.00 50.45 106.28 ON OFF ON OFF 
56.15 267.00 79.00 49.45 104.21 OFF OFF OFF OFF 
56.28 269.00 70.00 47.25 99.77 OFF OFF OFF OFF 
56.37 272.00 47.00 45.90 94.84 OFF OFF OFF OFF 
56.41 275.00 48.00 47.50 94.76 OFF OFF OFF OFF 
56.58 277.00 39.00 48.90 92.83 OFF OFF OFF OFF 
56.63 280.00 40.00 50.15 91.16 OFF OFF OFF OFF 
56.66 283.00 39.00 51.35 89.45 OFF OFF OFF OFF 
56.73 286.00 42.00 52.60 87.99 OFF OFF OFF OFF 
56.82 292.00 46.00 55.15 87.82 OFF OFF OFF OFF 
56.82 310.00 77.00 57.85 89.77 ON OFF OFF OFF 
56.82 315.00 86.00 60.65 93.41 ON OFF OFF OFF 
56.83 320.00 95.00 63.55 98.86 ON OFF ON OFF 
56.83 324.00 102.00 66.55 105.27 ON OFF ON OFF 
56.83 328.00 109.00 69.65 112.48 ON OFF ON OFF 
56.83 332.00 116.00 72.65 120.12 ON OFF ON OFF 
56.86 335.00 120.00 75.50 127.52 ON OFF ON OFF 
56.89 339.00 122.00 78.20 134.31 ON OFF ON OFF 
57.03 343.00 124.00 79.80 139.67 ON OFF ON OFF 
57.21 344.00 111.00 77.80 139.35 OFF OFF ON OFF 
57.36 348.00 44.00 75.80 139.25 OFF OFF ON OFF 
57.41 352.00 39.00 74.60 140.25 OFF OFF ON OFF 
57.48 356.00 46.00 74.25 141.15 OFF OFF ON OFF 
57.68 357.00 40.00 71.95 139.49 OFF OFF ON OFF 
58.75 358.00 2.00 70.45 144.25 OFF OFF ON OFF 
58.79 362.00 9.00 69.15 146.70 OFF OFF ON OFF 
58.96 365.00 14.00 68.00 148.36 OFF OFF ON OFF 
59.14 366.00 16.00 66.40 149.08 ON OFF ON OFF 
59.34 367.00 10.00 64.40 150.21 OFF OFF ON OFF 
59.48 367.00 6.00 61.00 150.41 OFF OFF ON OFF 
59.50 372.00 9.00 57.60 149.96 OFF OFF ON OFF 
59.50 377.00 18.00 54.10 147.53 OFF OFF ON OFF 
59.50 381.00 25.00 50.65 143.45 ON OFF OFF OFF 
59.50 386.00 33.00 47.20 137.73 ON OFF OFF OFF 
59.50 390.00 40.00 43.75 130.29 ON OFF OFF OFF 
59.51 394.00 47.00 40.20 120.79 ON OFF OFF OFF 
59.51 395.00 49.00 36.75 109.46 ON OFF OFF OFF 
59.51 397.00 53.00 33.55 96.27 ON OFF OFF OFF 
59.52 401.00 60.00 31.25 81.04 ON OFF OFF OFF 
59.54 404.00 65.00 32.75 70.90 ON OFF OFF OFF 
59.63 409.00 74.00 34.65 76.83 ON OFF OFF OFF 
59.80 411.00 77.00 36.40 82.76 ON OFF ON OFF 
59.98 413.00 81.00 35.20 85.60 ON OFF ON OFF 
60.31 414.00 16.00 35.85 86.99 OFF OFF ON OFF 
60.48 415.00 15.00 35.70 85.45 OFF OFF OFF OFF 
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60.76 416.00 6.00 35.30 85.39 OFF OFF OFF OFF 
60.93 417.00 6.00 34.90 85.80 OFF OFF ON OFF 
61.12 419.00 8.00 35.20 86.82 OFF OFF ON OFF 
61.21 424.00 16.00 35.80 86.90 OFF OFF OFF OFF 
61.38 426.00 18.00 36.25 86.24 ON OFF OFF OFF 
61.57 427.00 18.00 35.90 85.07 OFF OFF OFF OFF 
61.75 429.00 11.00 35.40 85.18 OFF OFF OFF OFF 
61.93 433.00 15.00 35.10 85.50 OFF OFF ON OFF 
62.07 440.00 27.00 34.40 84.93 OFF OFF ON OFF 
62.25 443.00 26.00 33.30 83.93 OFF OFF ON OFF 
62.43 446.00 25.00 31.65 82.09 OFF OFF OFF OFF 
62.65 447.00 16.00 29.60 80.04 OFF OFF OFF OFF 
62.82 448.00 12.00 26.95 77.08 OFF OFF OFF OFF 
63.13 449.00 7.00 24.05 73.06 OFF OFF OFF OFF 
63.32 451.00 7.00 21.05 67.51 OFF OFF OFF OFF 
63.40 455.00 14.00 17.85 58.39 OFF OFF OFF OFF 
63.73 456.00 13.00 14.45 45.91 OFF OFF OFF OFF 
63.90 458.00 13.00 14.10 26.37 OFF OFF OFF OFF 
64.10 459.00 9.00 14.15 26.62 OFF OFF OFF OFF 
64.28 464.00 16.00 14.60 27.09 OFF OFF ON OFF 
64.45 466.00 15.00 15.25 27.17 OFF OFF OFF OFF 
64.63 469.00 19.00 15.85 27.23 OFF OFF OFF OFF 
64.78 474.00 20.00 16.30 27.35 OFF OFF OFF OFF 
64.78 477.00 25.00 17.10 28.85 ON OFF OFF OFF 
64.81 482.00 34.00 17.90 31.96 ON ON ON ON 
64.98 484.00 34.00 19.65 35.52 OFF OFF ON OFF 
65.01 491.00 46.00 21.65 41.35 OFF ON ON OFF 
65.08 496.00 55.00 23.20 48.05 OFF ON ON OFF 
65.08 498.00 58.00 25.25 54.69 ON ON ON ON 
65.10 503.00 67.00 27.55 62.65 ON ON ON ON 
65.27 508.00 71.00 29.40 69.77 ON ON ON ON 
65.45 510.00 53.00 30.80 72.26 OFF OFF ON OFF 
65.54 510.00 40.00 31.15 72.05 OFF OFF OFF OFF 
65.56 518.00 14.00 32.05 72.24 OFF OFF OFF OFF 
65.56 524.00 25.00 33.00 71.77 OFF OFF OFF OFF 
65.57 529.00 33.00 34.55 72.42 OFF OFF OFF OFF 
65.59 535.00 44.00 36.55 73.55 ON OFF OFF OFF 
65.77 540.00 53.00 39.10 75.54 ON OFF OFF OFF 
65.96 544.00 60.00 39.60 75.10 ON OFF OFF OFF 
66.14 546.00 26.00 39.95 74.40 OFF OFF OFF OFF 
66.29 548.00 22.00 40.50 74.08 OFF OFF OFF OFF 
66.40 553.00 30.00 41.25 73.78 OFF OFF OFF OFF 
66.50 559.00 35.00 41.70 72.97 OFF OFF OFF OFF 
66.67 564.00 34.00 42.20 72.78 OFF OFF OFF OFF 
66.79 570.00 44.00 42.70 73.08 OFF OFF OFF OFF 
66.92 576.00 44.00 42.60 72.75 OFF OFF OFF OFF 
67.02 582.00 44.00 42.50 72.62 OFF OFF OFF OFF 
67.07 587.00 53.00 42.75 72.72 OFF OFF OFF OFF 
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67.10 593.00 63.00 42.85 73.41 OFF OFF OFF OFF 
67.18 601.00 69.00 43.40 74.29 ON OFF ON OFF 
67.18 608.00 82.00 45.45 78.63 ON ON ON ON 
67.19 615.00 94.00 48.75 88.47 ON ON ON ON 
67.19 622.00 106.00 53.95 101.51 ON ON ON ON 
67.21 629.00 118.00 59.25 112.83 ON ON ON ON 
67.21 636.00 131.00 64.75 126.22 ON ON ON ON 
67.27 643.00 143.00 69.85 140.01 ON ON ON ON 
67.35 650.00 146.00 75.40 153.20 ON OFF ON OFF 
67.41 661.00 164.00 80.75 168.19 ON OFF ON OFF 
67.47 668.00 167.00 88.35 184.07 ON OFF ON OFF 
67.50 675.00 178.00 95.90 197.01 ON OFF ON OFF 
67.58 682.00 173.00 103.70 206.40 OFF OFF ON OFF 
67.59 689.00 186.00 111.05 216.21 OFF OFF ON OFF 
67.64 692.00 182.00 119.10 224.58 OFF OFF ON OFF 
67.68 700.00 195.00 124.00 229.30 OFF OFF OFF OFF 
67.77 707.00 142.00 127.70 227.54 OFF OFF OFF OFF 
67.93 716.00 118.00 132.10 225.06 OFF OFF OFF OFF 
67.95 724.00 132.00 134.40 219.05 OFF OFF OFF OFF 
68.10 732.00 99.00 135.45 213.64 OFF OFF OFF OFF 
68.24 739.00 84.00 135.90 210.71 OFF OFF OFF OFF 
68.42 745.00 78.00 135.20 208.50 OFF OFF OFF OFF 
68.43 747.00 68.00 133.85 209.43 OFF OFF OFF OFF 
68.55 755.00 67.00 131.65 211.00 OFF OFF ON OFF 
68.69 763.00 62.00 128.95 213.53 OFF OFF ON OFF 
68.80 771.00 64.00 126.30 215.76 OFF OFF ON OFF 
68.92 779.00 78.00 122.10 214.26 OFF OFF ON OFF 
69.09 784.00 59.00 117.75 214.04 OFF OFF ON OFF 
69.19 792.00 59.00 112.25 211.64 OFF OFF ON OFF 
69.37 797.00 54.00 106.60 207.31 OFF OFF ON OFF 
69.53 805.00 54.00 100.70 201.17 OFF OFF OFF OFF 
69.67 814.00 60.00 94.75 191.55 OFF OFF OFF OFF 
69.84 820.00 54.00 88.50 181.34 OFF OFF OFF OFF 
69.96 829.00 61.00 82.25 166.07 OFF OFF OFF OFF 
70.05 834.00 57.00 75.15 148.08 OFF OFF OFF OFF 
70.22 841.00 53.00 71.50 123.90 OFF OFF OFF OFF 
70.26 850.00 69.00 69.35 111.85 OFF OFF OFF OFF 
70.34 859.00 75.00 67.40 104.25 OFF OFF OFF OFF 
70.37 869.00 93.00 67.80 93.67 ON OFF OFF OFF 
70.40 878.00 107.00 69.10 97.08 ON ON OFF OFF 
70.47 887.00 110.00 71.65 104.51 ON ON ON ON 
70.48 898.00 129.00 75.55 117.45 ON ON ON ON 
70.51 908.00 146.00 80.30 133.19 ON ON ON ON 
70.53 918.00 162.00 87.15 151.86 ON ON ON ON 
70.53 939.00 199.00 94.85 177.01 ON ON ON ON 
70.53 950.00 218.00 102.80 201.95 ON ON ON ON 
70.54 961.00 237.00 112.20 228.66 ON ON ON ON 
70.56 971.00 247.00 121.75 252.07 ON OFF ON OFF 
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70.74 980.00 250.00 131.75 272.64 ON OFF ON OFF 
70.84 990.00 254.00 140.45 288.88 ON OFF ON OFF 
70.90 1000.00 228.00 142.50 292.07 OFF OFF ON OFF 
71.07 1009.00 101.00 144.85 291.04 OFF OFF OFF OFF 
71.26 1018.00 101.00 146.75 288.62 OFF OFF OFF OFF 
71.40 1029.00 99.00 148.60 286.90 OFF OFF OFF OFF 
71.49 1039.00 94.00 149.95 284.34 OFF OFF OFF OFF 
71.59 1049.00 80.00 151.45 282.47 OFF OFF OFF OFF 
71.66 1060.00 99.00 153.60 281.53 OFF OFF OFF OFF 
71.70 1071.00 118.00 154.25 278.35 OFF OFF OFF OFF 
71.83 1073.00 106.00 149.15 272.11 OFF OFF OFF OFF 
71.86 1076.00 5.00 144.80 282.72 OFF OFF OFF OFF 
71.87 1086.00 23.00 140.45 288.18 OFF OFF ON OFF 
71.87 1097.00 42.00 136.20 290.51 OFF OFF ON OFF 
71.89 1108.00 61.00 131.25 289.35 ON OFF ON OFF 
71.89 1109.00 63.00 125.50 286.24 ON OFF ON OFF 
72.06 1121.00 84.00 119.50 278.35 ON OFF OFF OFF 
72.23 1129.00 98.00 114.15 267.54 ON OFF OFF OFF 
72.36 1141.00 130.00 105.75 249.54 ON OFF OFF OFF 
72.53 1149.00 79.00 97.20 228.00 OFF OFF OFF OFF 
72.72 1159.00 79.00 87.25 200.38 OFF OFF OFF OFF 
72.90 1168.00 55.00 78.55 167.10 OFF OFF OFF OFF 
73.08 1176.00 54.00 76.15 137.78 OFF OFF OFF OFF 
73.27 1185.00 53.00 73.30 134.98 OFF OFF OFF OFF 
73.45 1189.00 44.00 71.60 133.69 OFF OFF ON OFF 
73.53 1201.00 65.00 70.20 131.24 OFF OFF OFF OFF 
73.70 1210.00 66.00 69.85 130.05 OFF OFF OFF OFF 
73.78 1223.00 73.00 69.65 129.69 ON OFF OFF OFF 
73.93 1237.00 95.00 69.35 129.03 ON OFF OFF OFF 
74.03 1250.00 112.00 69.80 128.56 ON OFF OFF OFF 
74.13 1263.00 115.00 75.75 135.75 ON OFF OFF OFF 
74.22 1276.00 124.00 81.00 137.62 ON OFF OFF OFF 
74.23 1278.00 128.00 84.90 140.44 ON OFF OFF OFF 
74.31 1286.00 120.00 89.00 143.99 OFF OFF OFF OFF 
74.42 1299.00 143.00 92.65 151.96 OFF OFF OFF OFF 
74.43 1307.00 136.00 95.45 156.86 OFF OFF ON OFF 
74.53 1321.00 140.00 97.65 162.25 OFF OFF ON OFF 
74.64 1335.00 142.00 97.95 165.67 OFF OFF ON OFF 
74.72 1344.00 136.00 100.55 168.89 OFF OFF ON OFF 
74.83 1352.00 131.00 102.65 171.86 OFF OFF ON OFF 
74.99 1366.00 121.00 104.50 173.52 OFF OFF OFF OFF 
75.17 1377.00 92.00 106.65 172.36 OFF OFF OFF OFF 
75.31 1391.00 97.00 109.80 171.45 OFF OFF OFF OFF 
75.35 1409.00 116.00 113.70 170.30 OFF OFF OFF OFF 
75.36 1412.00 122.00 116.45 164.47 ON OFF OFF OFF 
75.49 1426.00 120.00 120.30 162.84 OFF OFF OFF OFF 
75.62 1441.00 143.00 124.10 161.28 OFF OFF OFF OFF 
75.71 1456.00 149.00 126.85 159.12 OFF OFF OFF OFF 
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75.85 1471.00 150.00 127.80 159.04 ON OFF OFF OFF 
75.90 1478.00 131.00 127.95 158.48 OFF OFF OFF OFF 
76.08 1485.00 118.00 126.25 156.55 OFF OFF OFF OFF 
76.27 1496.00 90.00 123.15 157.67 OFF OFF OFF OFF 
76.45 1506.00 66.00 121.65 164.99 OFF OFF ON OFF 
76.52 1522.00 90.00 119.70 165.39 OFF OFF ON OFF 
76.67 1538.00 104.00 119.15 164.35 OFF OFF OFF OFF 
76.74 1552.00 125.00 118.95 163.61 ON OFF OFF OFF 
76.81 1568.00 136.00 119.85 164.17 ON OFF OFF OFF 
76.93 1585.00 160.00 120.25 167.07 ON OFF OFF OFF 
77.03 1598.00 144.00 120.60 168.09 OFF OFF ON OFF 
77.20 1609.00 138.00 119.05 166.96 OFF OFF ON OFF 
77.48 1609.00 90.00 116.05 165.78 OFF OFF ON OFF 
77.50 1627.00 32.00 114.25 175.94 OFF OFF ON OFF 
77.51 1644.00 61.00 113.00 178.77 OFF OFF ON OFF 
77.53 1661.00 91.00 112.95 179.49 OFF OFF ON OFF 
77.59 1678.00 121.00 114.15 180.66 ON OFF OFF OFF 
77.71 1691.00 144.00 115.15 182.98 ON OFF OFF OFF 
77.89 1702.00 163.00 112.90 182.96 ON OFF ON OFF 
78.07 1713.00 104.00 109.30 177.74 OFF OFF OFF OFF 
78.26 1724.00 78.00 106.35 174.17 OFF OFF OFF OFF 
78.44 1730.00 72.00 105.00 173.92 OFF OFF OFF OFF 
78.55 1748.00 91.00 105.25 174.26 OFF OFF ON OFF 
78.72 1764.00 95.00 107.45 176.27 OFF OFF OFF OFF 
78.85 1782.00 110.00 108.65 175.09 ON OFF OFF OFF 
79.02 1791.00 114.00 109.25 175.25 ON OFF OFF OFF 
79.17 1809.00 116.00 109.25 175.29 ON OFF OFF OFF 
79.24 1828.00 125.00 110.20 176.24 ON OFF OFF OFF 
79.34 1847.00 155.00 110.20 178.26 ON OFF OFF OFF 
79.45 1866.00 160.00 111.35 179.41 ON OFF OFF OFF 
79.62 1880.00 167.00 111.10 182.12 ON OFF OFF OFF 
79.81 1895.00 133.00 113.30 183.98 OFF OFF OFF OFF 
79.87 1914.00 134.00 117.55 188.20 OFF OFF OFF OFF 
80.04 1922.00 117.00 120.55 180.55 OFF OFF OFF OFF 
80.21 1939.00 121.00 120.00 174.11 OFF OFF OFF OFF 
80.39 1950.00 80.00 119.95 175.45 OFF OFF OFF OFF 
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Appendix G:  Worked Example – Complex Machine 
The following spreadsheet extracts show the working for each bearing in the complex 
machine (gas turbine) described in Section 4.6. 
 
G.1. Bearing Number 1 & 2 
Parameter Units Value 
Contact ellipse 
calculation     
Force (Radial) N 32700 
rax cm 0.435 
ray cm 0.435 
rbx cm -4.31 
rby cm -0.479 
Rx cm 0.484 
Ry cm 4.736 
R cm 0.439 
a   9.788 
k    4.273 
q   0.571 
e    1.058 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E'   2.31E+07 
Dx cm 0.133 
Dy cm 0.568 
Ac cm2 0.059 
      
Spall Width Calculation     
t   1.038 
z cm 0.031 
(theta)/2 rad 0.383 
l cm 0.162 
delta y cm -0.244 
      
Arc calculation     
Number of elements   27 
di cm 8.63 
do cm 10.37 
DP cm 9.500 
phi rad 0.233 
SP cm 1.105 
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Damage Area 
Calculation     
AFD cm2 0.42 
   Reliability Modification     
Desired reliability   Moderate 
RREL   1 
AMD'  cm2 0.418 
AMD (convert to 
microns2) microns2 41839432.4 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
   Final Limit Calculation     
Median particle - Bin1 microns 150 
Median particle - Bin2 microns 250.5 
Median particle - Bin3 microns 350.5 
Median particle - Bin4 microns 450.5 
Median particle - Bin5 microns 550.5 
Median particle - Bin6 microns 650.5 
Median particle - Bin7 microns 750.5 
Median particle - Bin8 microns 850.5 
Median particle - Bin9 microns 950.5 
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Median particle - Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   307.792 
AEP  microns2 37910.716 
N2   110.363 
AEP  microns2 74220.277 
N3   56.372 
AEP  microns2 122612.887 
N4   34.123 
AEP  microns2 183088.546 
N5   22.852 
AEP  microns2 255647.253 
N6   16.366 
AEP  microns2 340289.009 
N7   12.295 
AEP  microns2 437013.814 
N8   9.574 
AEP  microns2 545821.667 
N9   7.665 
AEP  microns2 666712.569 
N10   6.275 
      
Area factor   0.1 
Np1   308 
Np2   110 
Np3   56 
Np4   34 
Np5   23 
Np6   16 
Np7   12 
Np8   10 
Np9   8 
Np10   6 
Ntot   584 
   
   
 
Limit increment (LI) 97 
 
ABNORMAL (3 x LI) 292 
 
WARNING (5 x LI) 486 
 
TERMINATE 584 
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G.2. Bearing Number 3 
Parameter Units Value 
Contact ellipse 
calculation     
Force (axial) N 48800 
rax cm 0.515 
ray cm 0.515 
rbx cm -5.485 
rby cm -0.567 
Rx cm 0.568 
Ry cm 5.615 
R cm 0.516 
a   9.880 
k    4.298 
q   0.571 
e    1.058 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E'   2.31E+07 
Dx cm 0.160 
Dy cm 0.688 
Ac cm2 0.087 
      
Spall Width Calculation     
t   1.038 
z cm 0.038 
(theta)/2 rad 0.386 
l cm 0.194 
delta y cm -0.300 
      
Arc calculation     
Number of elements   29 
di cm 10.97 
do cm 13.03 
DP cm 12.000 
phi rad 0.217 
SP cm 1.300 
      
Damage Area 
Calculation     
AFD cm2 0.59 
   Reliability Modification     
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Desired reliability   Moderate 
RREL   1 
AMD'  cm2 0.591 
AMD (convert to 
microns2) microns2 59053044.6 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
   Final Limit Calculation     
Median particle - Bin1 microns 150 
Median particle - Bin2 microns 250.5 
Median particle - Bin3 microns 350.5 
Median particle - Bin4 microns 450.5 
Median particle - Bin5 microns 550.5 
Median particle - Bin6 microns 650.5 
Median particle - Bin7 microns 750.5 
Median particle - Bin8 microns 850.5 
Median particle - Bin9 microns 950.5 
Median particle - Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   434.423 
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AEP  microns2 37910.716 
N2   155.769 
AEP  microns2 74220.277 
N3   79.565 
AEP  microns2 122612.887 
N4   48.162 
AEP  microns2 183088.546 
N5   32.254 
AEP  microns2 255647.253 
N6   23.099 
AEP  microns2 340289.009 
N7   17.354 
AEP  microns2 437013.814 
N8   13.513 
AEP  microns2 545821.667 
N9   10.819 
AEP  microns2 666712.569 
N10   8.857 
      
Area factor   0.1 
Np1   434 
Np2   156 
Np3   80 
Np4   48 
Np5   32 
Np6   23 
Np7   17 
Np8   14 
Np9   11 
Np10   9 
Ntot   824 
   
   
 
Limit increment (LI) 137 
 
ABNORMAL (3 x LI) 412 
 
WARNING (5 x LI) 687 
 
TERMINATE 824 
 
G.3. Bearing Number 4 
Contact ellipse 
calculation     
Force (axial) N 91600 
rax cm 0.675 
ray cm 0.675 
rbx cm -8.075 
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rby cm -0.743 
Rx cm 0.737 
Ry cm 7.425 
R cm 0.670 
a   10.080 
k    4.353 
q   0.571 
e    1.057 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E'   2.31E+07 
Dx cm 0.214 
Dy cm 0.934 
Ac cm2 0.157 
      
Spall Width Calculation     
t   1.037 
z cm 0.051 
(theta)/2 rad 0.390 
l cm 0.257 
delta y cm -0.420 
      
Arc calculation     
Number of elements   32 
di cm 16.15 
do cm 18.85 
DP cm 17.500 
phi rad 0.196 
SP cm 1.718 
      
Damage Area 
Calculation     
AFD cm2 1.04 
   Reliability Modification     
Desired reliability   Moderate 
RREL   1 
AMD'  cm2 1.040 
AMD (convert to 
microns2) microns2 104010800.7 
   Bin sizes     
Number of bins   10 
LLD microns 100 
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Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
   Final Limit Calculation     
Median particle - Bin1 microns 150 
Median particle - Bin2 microns 250.5 
Median particle - Bin3 microns 350.5 
Median particle - Bin4 microns 450.5 
Median particle - Bin5 microns 550.5 
Median particle - Bin6 microns 650.5 
Median particle - Bin7 microns 750.5 
Median particle - Bin8 microns 850.5 
Median particle - Bin9 microns 950.5 
Median particle - Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   765.155 
AEP  microns2 37910.716 
N2   274.357 
AEP  microns2 74220.277 
N3   140.138 
AEP  microns2 122612.887 
N4   84.829 
AEP  microns2 183088.546 
N5   56.809 
AEP  microns2 255647.253 
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N6   40.685 
AEP  microns2 340289.009 
N7   30.565 
AEP  microns2 437013.814 
N8   23.800 
AEP  microns2 545821.667 
N9   19.056 
AEP  microns2 666712.569 
N10   15.601 
      
Area factor   0.1 
Np1   765 
Np2   274 
Np3   140 
Np4   85 
Np5   57 
Np6   41 
Np7   31 
Np8   24 
Np9   19 
Np10   16 
Ntot   1451 
   
   
 
Limit increment (LI) 242 
 
ABNORMAL (3 x LI) 725 
 
WARNING (5 x LI) 1209 
 
TERMINATE 1451 
 
 
G.4. Bearing Number 5 
Parameter Units Value 
Contact Area 
Calculation     
Force (radial) N 263000 
Force (axial) N 0 
r cm 0.75 
L cm 2 
Chamfer length cm 0.1 
yELZ cm 0.266 
   Arc calculation     
Number of 
elements   18 
di cm 16 
do cm 19 
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Pitch diameter cm 17.5 
phi rad 0.34906585 
Sp cm 3.054326191 
      
Damage Area 
Calculation     
AFD cm2 0.812450767 
   Reliability 
Modification     
Desired reliability   Moderate 
Rrel   1 
Amd cm2 0.812450767 
Amd microns2 81245076.68 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
      
Final Limit 
Calculation     
Median particle - 
Bin1 microns 150 
Median particle - 
Bin2 microns 250.5 
Median particle - 
Bin3 microns 350.5 
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Median particle - 
Bin4 microns 450.5 
Median particle - 
Bin5 microns 550.5 
Median particle - 
Bin6 microns 650.5 
Median particle - 
Bin7 microns 750.5 
Median particle - 
Bin8 microns 850.5 
Median particle - 
Bin9 microns 950.5 
Median particle - 
Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   597.679 
AEP  microns2 37910.716 
N2   214.306 
AEP  microns2 74220.277 
N3   109.465 
AEP  microns2 122612.887 
N4   66.261 
AEP  microns2 183088.546 
N5   44.375 
AEP  microns2 255647.253 
N6   31.780 
AEP  microns2 340289.009 
N7   23.875 
AEP  microns2 437013.814 
N8   18.591 
AEP  microns2 545821.667 
N9   14.885 
AEP  microns2 666712.569 
N10   12.186 
      
Area factor   0.1 
Np1   598 
Np2   214 
Np3   109 
Np4   66 
Np5   44 
Np6   32 
Np7   24 
Np8   19 
Np9   15 
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Np10   12 
Ntot   1133 
   
   
 
Limit increment (LI) 189 
 
ABNORMAL (3 x LI) 567 
 
WARNING (5 x LI) 945 
 
TERMINATE 1133 
 
 
G.5. Bearing Number 6 & 7 
Parameter Units Value 
Contact ellipse 
calculation     
Force (axial) N 48800 
rax cm 0.515 
ray cm 0.515 
rbx cm -5.485 
rby cm -0.567 
Rx cm 0.568 
Ry cm 5.615 
R cm 0.516 
a   9.880 
k    4.298 
q   0.571 
e    1.058 
na   0.3 
nb   0.3 
Ea N/cm2 2.10E+07 
Eb N/cm2 2.10E+07 
E'   2.31E+07 
Dx cm 0.160 
Dy cm 0.688 
Ac cm2 0.087 
      
Spall Width Calculation     
t   1.038 
z cm 0.038 
(theta)/2 rad 0.386 
l cm 0.194 
delta y cm -0.300 
      
Arc calculation     
Number of elements   29 
di cm 10.97 
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do cm 13.03 
DP cm 12.000 
phi rad 0.217 
SP cm 1.300 
      
Damage Area 
Calculation     
AFD cm2 0.59 
   Reliability Modification     
Desired reliability   Moderate 
RREL   1 
AMD'  cm2 0.591 
AMD (convert to 
microns2) microns2 59053044.6 
   Bin sizes     
Number of bins   10 
LLD microns 100 
Bin width microns 100 
Bin 1 lower microns 100 
Bin 1 upper microns 200 
Bin 2 lower microns 201 
Bin 2 upper microns 300 
Bin 3 lower microns 301 
Bin 3 upper microns 400 
Bin 4 lower microns 401 
Bin 4 upper microns 500 
Bin 5 lower microns 501 
Bin 5 upper microns 600 
Bin 6 lower microns 601 
Bin 6 upper microns 700 
Bin 7 lower microns 701 
Bin 7 upper microns 800 
Bin 8 lower microns 801 
Bin 8 upper microns 900 
Bin 9 lower microns 901 
Bin 9 upper microns 1000 
Bin 10 lower microns 1001 
Bin 10 upper microns 1100 
   Final Limit Calculation     
Median particle - Bin1 microns 150 
Median particle - Bin2 microns 250.5 
Median particle - Bin3 microns 350.5 
Median particle - Bin4 microns 450.5 
Median particle - Bin5 microns 550.5 
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Median particle - Bin6 microns 650.5 
Median particle - Bin7 microns 750.5 
Median particle - Bin8 microns 850.5 
Median particle - Bin9 microns 950.5 
Median particle - Bin10 microns 1050.5 
      
Elliptical ratio   1.3 
AEP  microns2 13593.430 
N1   434.423 
AEP  microns2 37910.716 
N2   155.769 
AEP  microns2 74220.277 
N3   79.565 
AEP  microns2 122612.887 
N4   48.162 
AEP  microns2 183088.546 
N5   32.254 
AEP  microns2 255647.253 
N6   23.099 
AEP  microns2 340289.009 
N7   17.354 
AEP  microns2 437013.814 
N8   13.513 
AEP  microns2 545821.667 
N9   10.819 
AEP  microns2 666712.569 
N10   8.857 
      
Area factor   0.1 
Np1   434 
Np2   156 
Np3   80 
Np4   48 
Np5   32 
Np6   23 
Np7   17 
Np8   14 
Np9   11 
Np10   9 
Ntot   824 
   
   
 
Limit increment (LI) 137 
 
ABNORMAL (3 x LI) 412 
 
WARNING (5 x LI) 687 
 
TERMINATE 824 
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